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Abstract

ABSTRACT

The intensification of agriculture, animal husbandry and the expansion of cities,
has led to changes in environmental conditions, reduced biodiversity and altered
interactions between organisms affecting many ecological processes, involving
pathogen transmission. In addition, detrimental effects of habitat anthropization
on the life history of many species of birds have been reported, including in some
species apparently thriving in urban areas. Urbanization affects not only the life
history, abundance, and composition of vertebrate communities, but also those
of hematophagous insects living in these areas and, consequently, the vector-
borne pathogens they transmit. Urbanization can alter the incidence and
distribution of vector-borne parasites, as well as the susceptibility of vertebrates
to infectious diseases through its effects on host immunocompetence.

In this thesis, | used a multidisciplinary approach to determine how the
dynamics of vector-borne parasites are affected by habitat anthropization, and
how the joint effects of anthropization and parasite infections impact the health
of wild birds. For this purpose, | focussed on the widespread vector-borne
parasites of the genus Plasmodium, commonly known as avian malaria parasites,
and the related genera Haemoproteus and Leucocytozoon, which were
molecularly identified. In addition, | used the house sparrow (Passer domesticus),
one of the best examples of urban exploiter historically associated with human
settlements, as the avian study model species. Since the 1970s, this bird species
has been suffering a dramatic decline across Europe, especially in cities, with
human activities and infectious diseases being identified as the main factors.

Using an extensive dataset of birds sampled at localities in southern Spain,
| first determined how vector-borne parasites dynamics are affected by habitat
anthropization (Section 1). To do that, | compared the variation in the prevalence
and richness of the three genera of blood parasites over two years in 15 wild
house sparrow populations that included urban, rural, and natural habitats (Ch.
1). The prevalence of both Haemoproteus and Leucocytozoon parasites differed

and were correlated between years, while no significant differences were found
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Abstract

for Plasmodium parasites. Variation in the environmental requirements between
vector groups, habitat characteristics and climatic variability strongly determined
the stability and activity of vector populations, potentially affecting bird exposure
and thus prevalence in the population. Both Haemoproteus and Leucocytozoon
richness also varied with habitat and time. Variation in the composition of vector
and/or bird communities may affect the number and identity of parasite lineages
circulating and infecting house sparrows, but host-related factors and
susceptibility may also explain the infection patterns found.

Secondly, | determined the impact of both anthropization and parasite
infections on the health of wild house sparrows (Section 2). In the three chapters
included in this section, | measured three major variables reflecting the health of
birds, namely body condition (Ch. 2), the composition of plasma fatty acids (Ch.
3) and the oxidative status (Ch. 4) in relation to Plasmodium, Haemoproteus and
Leucocytozoon infection status and including house sparrow populations from
urban, rural and natural habitats. Results show that urbanization increased the
levels of fatty acids and oxidative damage to lipids and negatively affected bird
body condition which, in turn, influenced the activity of antioxidant enzymes.
Among other possibilities, this could be due to the low availability of good quality
food in urban habitats that prevent birds to fulfil physiological requirements
during development resulting in lower body condition, immunocompetence and
antioxidant capacity. Moreover, Plasmodium infected juvenile house sparrows
had lower proportion of w-6 and higher proportion of w-3 PUFAs, as well as lower
activity of antioxidant enzymes (GPx, SOD and GR). These results may reflect that,
due to the low antioxidant activity of infected birds, only birds with moderate
levels of pro-inflammatory fatty acids against parasite infection were likely to
survive.

Additionally, results from this thesis show that birds exposed to two
different sources of stress, namely urbanization and parasite infection, may suffer

greater deleterious effects. Birds from natural habitats infected by Plasmodium
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showed lower w-6/w-3 ratio and tended to have a higher proportion of w-3. It is
likely that, due to differential availability of w-3 PUFA between habitats, only
infected house sparrows from natural habitats can promote a greater anti-
inflammatory immune response to Plasmodium infections because the
consumption of food rich in w-3 PUFA. Moreover, higher body condition of
juvenile house sparrows was associated with infections by Plasmodium and
Haemoproteus, especially in urban habitats. This result may be explained by a
higher mortality rate of infected birds with worst body condition unable to
respond to infection, consequently, infected individuals surviving to infection
were in a higher body condition than uninfected ones.

To sum up, in this thesis | provide novel information on the dynamics of
vector-borne parasites in anthropized ecosystems and the joint negative effects
of urbanization and parasite infections on wild birds. | highlight the importance
of also including habitats with different landscape uses, such as rural habitats, in
the studies of urbanization impact, where the effect of human activities and
domestic animals on wildlife may differ from cities. Moreover, pollutants levels,
availability of green spaces or the stability of resources may widely differ among
cities, which may determine the final effects on wildlife health and the
interpretation that researchers can make of the impact of urbanization. This work
contributes to the growing area of Urban Ecology and may help to better
understand the effects that both urbanization and pathogens have on the ecology

and evolution of wildlife under the current scenario of global change.
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Resumen

Resumen

La intensificacion de la agricultura, la ganaderia y la expansion de las ciudades ha
provocado cambios en las condiciones ambientales, reducido la biodiversidad y
alterado las interacciones entre organismos afectando a muchos procesos
ecolégicos, incluyendo la transmision de enfermedades. Ademas, se han
detectado efectos perjudiciales de la antropizacién del habitat en la historia de
vida de diferentes especies de aves, incluyendo especies que aparentemente
prosperan en areas urbanas. La urbanizacién no solo afecta la historia de vida,
abundancia y composicién de las comunidades de vertebrados, sino también de
los insectos hematdéfagos que viven en estas areas y, en consecuencia, los
patégenos transmitidos por estos vectores. La urbanizacion puede alterar la
incidencia y distribucién de pardsitos transmitidos por vectores, asi como la
susceptibilidad de los vertebrados a enfermedades infecciosas a través de sus
efectos sobre la inmunocompetencia del huésped.

En esta tesis, utilicé un enfoque multidisciplinario para determinar cémo la
dindmica de los parasitos transmitidos por vectores se ve afectada por la
antropizacion del habitat, y como los efectos conjuntos de la antropizacién y las
infecciones por parasitos impactan en la salud de las aves silvestres. Con este
propdsito, me centro en los parasitos transmitidos por vectores del género
Plasmodium, cominmente conocidos como pardsitos de la malaria aviar, y los
géneros relacionados Haemoproteus y Leucocytozoon, que fueron identificados
molecularmente. Ademas, utilicé el gorrion comun (Passer domesticus), uno de
los mejores ejemplos de ave urbanita asociado histéricamente con los
asentamientos humanos como ave modelo de estudio. Desde la década de 1970,
esta especie estd experimentando un descenso dramatico en toda Europa,
especialmente en ciudades, siendo las actividades humanas y las enfermedades
infecciosas sefialadas como factores principales.

Utilizando un extenso conjunto de datos de aves muestreadas en
localidades del sur de Espafia, primero determiné cdmo la antropizacion del

habitat afecta la dinamica de los parasitos transmitidos por vectores (Seccidn 1).
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Para ello, comparé la variacion de la prevalencia y la riqueza de los tres géneros
de parasitos sanguineos durante dos afios en 15 poblaciones de gorriones
silvestres que incluyeron habitats urbanos, rurales y naturales (Cap. 1). La
prevalencia de los pardsitos Haemoproteus y Leucocytozoon difirid y a su vez se
correlaciond entre afios, mientras que no se encontraron diferencias
significativas para los pardsitos Plasmodium. La variacion en los requisitos
ambientales entre grupos de vectores, las caracteristicas del habitat y Ia
variabilidad climatica determinaron fuertemente la estabilidad y la actividad de
las poblaciones de vectores, potencialmente afectando la exposicién de las aves
y, por lo tanto, la prevalencia de parasitos en la poblacién. La riqueza de
Haemoproteus y Leucocytozoon también varidé con el habitat y el tiempo. La
variacion de la composicién de las comunidades de vectores y/o aves puede
afectar el nimero y la identidad de los linajes de parasitos que circulan e infectan
al gorrién comun, pero los factores relacionados con el hospedador y su
susceptibilidad también pueden explicar los patrones de infecciones
encontrados.

En segundo lugar, determiné el impacto de la antropizacidon y las
infecciones por parasitos en la salud de los gorriones salvajes (Seccién 2). En los
tres capitulos incluidos en esta seccién, medi tres variables principales que
reflejan la salud de las aves, incluyendo la condicién corporal (Cap. 2), la
composicion de los acidos grasos en el plasma (Cap. 3) y el estado oxidativo (Cap.
4) en relacion con el estado de infeccion por Plasmodium, Haemoproteus y
Leucocytozoon e incluyendo poblaciones de gorrién comun de habitats urbanos,
rurales y naturales. Los resultados muestran que la urbanizacién aumenta los
niveles de acidos grasos y el dafio oxidativo a los lipidos y afecta negativamente
la condicion corporal de las aves, lo que a su vez influye en la actividad de las
enzimas antioxidantes. Entre otras posibilidades, esto podria deberse a la falta de
disponibilidad de alimentos de buena calidad en los habitats urbanos que evitan

que las aves alcancen los requisitos fisiolégicos durante el desarrollo, resultando
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en condicién corporal, inmunocompetencia y capacidad antioxidante inferior.
Ademas, los gorriones jovenes infectados por Plasmodium tenian una menor
proporcién de w-6 y mas de w-3 PUFAs, asi como una menor actividad de las
enzimas antioxidantes (GPx, SOD y GR). Estos resultados podrian reflejar que,
debido a la baja actividad antioxidante en las aves infectadas, es probable que
sobrevivan exclusivamente aquellas aves con niveles moderados de acidos grasos
proinflamatorios para lidiar contra la infeccion.

Ademas, los resultados de esta tesis muestran que las aves expuestas a dos
fuentes diferentes de estrés, como son la urbanizacién y las infecciones por
pardsitos, pueden sufrir efectos deletéreos mayores. Las aves de habitats
naturales infectados por Plasmodium mostraron una relacidon w-6/w-3 mas baja
y tendieron a tener una proporciéon mas alta de w-3. Es probable que, ante una
disponibilidad diferencial de w-3 PUFA entre habitats, solo los gorriones
infectados de habitats naturales promuevan una mayor respuesta inmunitaria
antiinflamatoria hacia las infecciones por Plasmodium con por la consumicién de
alimentos ricos en w-3 PUFA. Ademas, una mayor condicién corporal de los
gorriones juveniles se asocié con infecciones por Plasmodium y Haemoproteus,
especialmente en habitats urbanos. Estos resultados pueden explicarse por una
tasa de mortalidad diferencial de aquellas aves con menor condicion corporal que
no pueden lidiar con la infeccién, consecuentemente, los individuos infectados
que sobreviven a la infeccion estuvieran en una condicidén corporal mas alta que
los no infectados.

En resumen, en esta tesis aporto informacién novedosa sobre la dindmica
de los pardsitos transmitidos por vectores en ecosistemas antropizados y los
efectos negativos conjuntos de la urbanizacidn y las infecciones por parasitos en
aves silvestres. Aqui destaco la importancia de incluir, en los estudios de impacto
de la urbanizacion, habitats con diferentes usos como los habitats rurales, donde
el efecto de las actividades humanas y animales domésticos sobre la vida silvestre
puede diferir de las ciudades. Ademads, los niveles de contaminacion, la

disponibilidad de espacios verdes o la estabilidad de recursos puede diferir
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ampliamente entre ciudades, lo cual puede determinar los efectos finales en la
salud de la vida silvestre y en la interpretacion que los investigadores pueden
hacer a partir de ella del impacto de la urbanizacidn. Este trabajo contribuye la
creciente drea de Ecologia Urbana y ayuda a comprender mejor los efectos que
tanto la urbanizacién como los patdgenos tienen sobre la ecologia y la evolucidn

de la vida silvestre bajo el actual escenario de cambio global.
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Introduction

GENERAL SECTION

Introduction

In less than a century, humanity has almost triplicated its population reaching
around 8 billion people in 2021, of which half of them live in urban areas. Human
needs have led to a landscape transformation caused by the intensification of
agriculture, animal husbandry and the expansion of cities (Bradley and Altizer,
2007; Grimm et al., 2000). These activities have changed the environmental
conditions around the globe, affecting ecosystems and creating habitats with
novel environmental characteristics (Meyrier et al., 2017; Seress and Liker, 2015).
Habitat anthropization has been linked with a reduction of biodiversity and the
alteration of the interactions between organisms, including the transmission of
diseases (Bradley and Altizer, 2007; Croci et al., 2008; Seress and Liker, 2015; Sol
et al., 2014). Due to the inability to exploit resources and thrive with the stressful
and risky environment of anthropic habitats, only a reduced number of
invertebrates, mammals, birds, reptiles and amphibians are able to survive, but
once they stablish, they can even reach high abundances than in natural habitats
(Callaghan et al., 2021; Kurucz et al., 2021; Mckinney, 2002; Meyrier et al., 2017;
Seress and Liker, 2015; Sol et al., 2014). Nevertheless, urban habitats could
represent ecological traps for wildlife due to the mismatches between animal
perception of attractive urban features, and the negative impacts and costs these
impose on fitness (Isaksson, 2020; Meyrier et al., 2017; Pollock et al., 2017;
Sumasgutner et al., 2014). During the nineteens, urban ecology emerged as a
novel research area due to the urgent need to understand how species respond
and adapt to urban environments and to characterize the mechanism behind
urban-dwelling animals (Chace and Walsh, 2006; Grimm et al., 2000; MacGregor-
Fors et al., 2020; Ouyang et al., 2018; Sepp et al., 2018). However, those studies
have usually focussed on the effects of urbanization on individual fitness or on
disease transmission, but there is a lack of studies that consider both factors at

the same time. Thus, this thesis is framed in the area of urban ecology aiming to
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General section

analyse the impact of urbanization on vector-borne pathogens transmission
dynamics and test the potential synergic effect of both urbanization and parasite

infection on wild birds health.

Effects of urbanization on birds

Cities provide favourable conditions for birds such as milder climate (Saaroni et
al., 2000), high availability of nesting sites (Sumasgutner et al., 2014) and reduced
density of predators (Mgller and Diaz, 2017; but see Dulisz et al., 2016).
Substantial differences in the composition of urban and rural avian communities
have been recorded across the world (Croci et al., 2008; Leveau, 2021; Mbiba et
al., 2021). Urban dwelling species may benefit from access to highly predictable
and stable resources through the year like food and water (Fokidis et al., 2008;
Pithon et al., 2021; Shochat et al., 2006). Meanwhile, in less modified habitats or
in natural ones, resource abundance or availability will depend, to a larger extent,
on environmental factors like hydrological and vegetation characteristics or
climatic conditions (Andersson et al., 2018; Chamberlain et al., 2009; Hanson et
al., 2020). Overall, resource availability in urban areas can improve the health and
increase the survival of individuals of urban dwelling species (Chamberlain et al.,
2009; Dulisz et al., 2016) or at least, buffer the negative impact of urbanization
(Sumasgutner et al., 2014). Consequently, there is an intense debate on whether
urban habitats represent ecological traps or safe spaces for species, and what
characteristics allow urban-dwelling species to thrive in urban areas (Zuiiga-
Palacios et al., 2021). The progress in this area should deal with the wide
geographic spreading of studies around the globe, harbouring areas with
different environments. However, the very heterogeneous approaches used
across studies to measure urbanization makes it difficult and leads to highly

contrasting results between studies (Box 1).
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(s )

The studies of urban ecology consulted during the elaboration of this thesis

ox 1. Could be urbanization equally measured around the globe?

include research done along America, Europe, Africa, or Asia, in cities
placed in a wide range of bioclimates and with very different urbanization
intensities and structure. The term urban includes localities from densely
populated areas that relies in vertical development, to less populated areas
based on single family houses with wide gardens and vegetation. In these
works, urbanization is measured either qualitatively or quantitatively.
Usually, localities are classified regarding visual characteristics and
comparatively with the other localities considered in the study. Urban or
city is used when referring to the most urbanized area, and natural or
forest when referring to the less anthropized areas in the study.
Intermediate localities are classified as rural, suburban, peri-urban,
plantation, ranch or even as non-urban, to refer to the places that are not
previously classified as urban or cities and harbouring a variety of land uses.
Alternatively, authors quantify urbanization in a continuous scale. For
example, satellite information tools are widely extended to measure the
percentage of area covered by specific land uses in a defined parcel (i.e.,
building, roads, agriculture, vegetation, forest, water, dry land...), which
data can be used to calculate a unique value of urbanization. In some cases,
abiotic factors such as level of noise, light, and pollutants or biotic factors
like human population density, are also considered. The variation of
environmental and climatic traits as well as the different urban structure
used along the world, makes very difficult to stablish whether a specific
characteristic of a city is positive, negative, or indifferent for urban dwelling
individuals. For example, the presence of artificial water can be a very
important factor in cities surrounded in arid environments or deserts but
be indifferent in places with high precipitation and water availability in the
surrounding natural areas. Furthermore, a proper replication of habitats is
necessary within studies. The comparison of a single natural and a single
urban area, makes impossible to determine if the differences found are
due to urbanization or are just reflecting other distinction between
localities unrelated to it. The use of such different approaches to evaluate
urbanization and the lack of homogenization, makes difficult to compare
information. These inconvenient may explain the contrasting results found
among studies dealing with the measurement of the impact of

\urbanization to wildlife. /




General section

Urbanization may impact organisms by affecting both the availability and
quality of the food supply (Costantini, 2010; Delhaye et al., 2018a; Romieu et al.,
2008), and by the presence of pollutants and other environmental stressors
derived from human activities (Bichet et al., 2013; Herrera-Duenas et al., 2014;
Koivula et al., 2011; Romieu et al., 2008; Salmdn et al., 2018). Food with an
anthropogenic origin (i.e., human waste), is usually rich in carbohydrates and fats
but poor in protein content and if consumed regularly, can have negative
consequences on the fitness of wild birds (Heiss et al., 2009; Mckinney, 2002;
Meyrier et al., 2017). Invertebrates rich in proteins usually form an important
fraction of the diet of passerine chicks, but the lack of suitable prey in anthropized
environments lead to the substitution by human food (Anderson, 2007; Finke et
al., 2020; Pollock et al., 2017). This change strongly influences nesting success,
fledgling growth, and survival, and thereby, population demography (Anderson,
2007; Peach et al., 2015, 2014; Seress et al., 2012). Nutrient rich food is especially
important during early life stages to fulfil physiological requirements during
development, to grow faster, and to have a higher body condition and
immunocompetence (Chamberlain et al., 2009; Peach et al., 2018; Seress et al.,
2020; Twining et al., 2016b, 2018).

Additionally, birds living in urban habitats are exposed to toxic chemicals,
heavy metal particles, and other pollutants such as NOy, SO, or O3, derived from
burning fossil fuels, that have been demonstrated to had toxic and deleterious
impacts in the organisms (Herrera-Duefias et al., 2017; Isaksson, 2010; Koivula et
al., 2011; Salmoén et al., 2018). Reactive oxygen species (ROS) are a group of
chemical substances that may cause oxidative damage to biomolecules such as
proteins, lipids, or DNA (Li et al., 2016). In order to avoid pathological conditions,
organisms present antioxidant systems that include both enzymatic and non-
enzymatic compounds (i.e., vitamins, obtained through diet) that prevent,
reduce, and repair ROS-induced damage (Costantini and Verhulst, 2009; Li et al.,

2016; Sorci and Faivre, 2009). ROS are either derived from an internal source, as
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by-products of basal metabolism and inflammatory responses to fight external
aggressions (Costantini, 2019; Isaksson, 2015; Sorci and Faivre, 2009), or, from a
synthetic external source, like anthropic activities (Herrera-Duefias et al., 2017,
Salmodn et al., 2018). Thus, when the balance between antioxidants molecules
and pro-oxidant like ROS is lost, the oxidative stress increase and could finally
develop into oxidative damage to biomolecules (Costantini and Verhulst, 2009; Li
et al., 2016). Indeed, birds living in urban areas suffer an increase of oxidative
stress due to higher exposure to environmental stressors (Herrera-Duenias et al.,
2014).

The detrimental effects of habitat anthropization on life history-traits of
birds have been reported in different species, including those apparently thriving
in urban areas (Carvajal-Castro et al., 2019; Croci et al., 2008; Ibafiez-alamo et al.,
2017; Sol et al., 2014). Urbanization negatively affects the body size and condition
of birds (Jiménez-Pefiuela et al., 2019; Liker et al., 2008; Meillére et al., 2015),
their reproductive success and survival (Chamberlain et al., 2009; Sepp et al.,
2018; Sumasgutner et al., 2014) and even alter critical processes such as feather
moult or development of sexual ornaments (Hutton et al., 2021; Tomasek et al.,
2016). Several studies have identified the impact of urbanization on different life
stages of birds using the quantification of a large variety of biomarkers. For
example, telomers are non-coding DNA that maintain genome stability and
determines cells senescence (O’Sullivan and Karlseder, 2010). During early life
stages, the shortening of telomere length was larger in great tit nestlings from
urban than rural habitats (Salmoén et al., 2016). Additionally, individuals with
shorter telomere length were more prone to disappear in urban habitats
compared to rural ones (Salmén et al., 2017). DNA methylation regulates the
expression of associated genes and genome stability and is a useful marker in the
evaluation of epigenetic changes (Bird, 2002). Watson et al. (2021) recently found
that there was an ubiquitous hypermethylation of the DNA of great tits living in
urban habitats, compared to conspecifics living in nearby forest habitats, which

had a lower DNA methylation. This epigenetic divergence was pointed out to
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reflect environmental differences in diet and ROS exposure among populations,
both considered as key drivers of the increasing differentiation of urban and non-
urban birds (Watson et al., 2021). Fatty acids are obtained through food and play
animportant role in biological structures and in processes such as oxidative stress
and immune responses (Arnold et al., 2015; Hulbert et al., 2005; Isaksson et al.,
2017). Differences in fatty acids composition can be observed between birds from
urban and rural areas in different species of sparrows and tits, initially in eggs and
after, during adult life (Andersson et al., 2018, 2015; Isaksson et al., 2017; Toledo
et al., 2016). In addition, great tits from urban habitats presented higher level of
expression of genes related to immune, inflammatory and antioxidant responses,
than those breeding in natural habitats (Watson et al., 2017). Differences in body
size, body condition and feather quality have been also found between house
sparrows from urban and rural habitats (Dulisz et al., 2016; Meillere et al., 2017).
Thus, strong evidence from different urban-dwelling passerine birds supports
that urbanization act as an important evolutionary selective force. This has led to
behavioural, physical and physiological changes in urban individuals, resulting
even in the rapid evolution of genetic differences in some species regarding their
non-urban conspecifics (Markowski et al., 2021; Ouyang et al., 2018; Salmén et

al., 2021).

Parasite infections across urbanization gradients

The simplification of habitat structure caused by urbanization did not only affect
the life history-traits, abundance and composition of the communities of
vertebrates (Biard et al., 2017; Chace and Walsh, 2006; Crooks et al., 2004; Evans
et al., 2009; Liker et al., 2008) but also, of the hematophagous insects living in
these areas and, consequently, of the vector-borne pathogens they transmit
(Ciadamidaro et al., 2016; Ferraguti et al., 2016a; Santiago-Alarcon et al., 2013).
Urbanization can alter the incidence and distribution of parasites, but also the

susceptibility of vertebrates to its infectious diseases affecting host
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immunocompetence (Bradley and Altizer, 2007; Calegaro-Marques and Amato,
2014; Ferraguti et al., 2018; Ishtiaq, 2021; Jiménez-Pefuela et al., 2021; Muriel et
al., 2021; Patz et al., 2008).

Haemosporidian represent a major selective force potentially regulating
host populations (Newton, 1998; Rivero and Gandon, 2018). Different studies
have reported clear deleterious effects of blood parasite infections on different
life-history traits of birds such as health (Marzal et al., 2008; Merino et al., 2000),
longevity (Martinez-de la Puente et al., 2010), reproductive success (Cuevas et
al., 2021; Marzal et al., 2005; Merino et al., 2000), hormone modulation (Names
et al., 2021) and oxidative stress (Arriero and Mgller, 2008; Martinez-de la Puente
et al,, 2011; Morales et al., 2006). Indeed, correlative and experimental studies
indicate that malaria related parasites are common sources of physiological stress
(del Cerro et al., 2010; Martinez-de la Puente et al., 2011; Merino et al., 1998;
Videvall et al.,, 2015). During the course of infection, organisms develop
inflammatory responses that produce cytotoxic compounds that act like ROS,
increase the oxidative stress and thus, harm the host unless the antioxidant
system activates (Costantini and Verhulst, 2009; Sorci et al., 2013; Sorci and
Faivre, 2009). Even this can be costly, individuals unavailable to produce
inflammatory responses are more susceptible to suffer increased infection-
induced mortality (Sorci and Faivre, 2009). Additionally, immune responses to
fight off infections are energetically costly, with only those individuals with higher
body condition being able to develop more effective responses (Navarro et al.,
2003). This trade-off aggravates in cities, where the activation of constitutive
immunity is even more costly, confirmed by a decrease in haptoglobin production
and a loss of body mass in urban great tits infected by haemosporidians (Bailly et
al., 2016). A poor diet, both in quality or quantity, such as those consumed by
different avian species living in urban habitats, may increase host’s susceptibility
to infectious diseases (Cornet et al., 2014). Intrinsic and extrinsic factors largely
determine host susceptibility to infection, defining its ability to modulate immune

responses to fight off infections and the potential costs of these responses
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(Arriero et al., 2008; Delhaye et al., 2018a; Morales et al., 2006). It is difficult to
isolate the effects of infections from those of food-shortages or other
environmental conditions that may favour disease transmission or modify the
trade-offs of birds, finally affecting their tolerance and resistance to infections
(Arriero et al.,, 2018; Newton, 1998). However, understanding the ecology of
pathogens in anthropized areas and the consequences of both, anthropization
and infection, on the health of avian hosts, is essential to manage the risk of
pathogen transmission in altered environments, especially under the current
global change scenario that may alter the distribution of hosts, vectors and

pathogens (Bradley and Altizer, 2007; Cornet et al., 2014; Isaksson, 2020).

Study models

The bird study model: House sparrow

House sparrows (Passer domesticus) are small passerines ranging between 14-16
cm length, with a body mass range from 24 to 39.5 g and with different sex
plumage coloration between adult male and female (Fig. 1) (Svensson, 2009). This
species is sedentary, abundant and has a widespread and ubiquitous distribution
around the globe (Anderson, 2007; Hanson et al., 2020; Summers-Smith, 1963,
1956). House sparrows have a large native distribution area across Europe, Africa,
Asia and an introduced distribution area in Oceania, North and South America
and South Africa (Anderson, 2007; De Laet and Summers-Smith, 2007; Hanson et
al., 2020). This species usually breeds during spring and summer in their native
range (Anderson, 2007), but with temporal differences between areas. After
hatching, adults feed chicks with an insect-based diet and afterwards, they also
introduce grain (Anderson, 2007). Sparrows can be found in a variety of climatic
areas and habitats, although is uncommon in forest habitats, scrublands or
wetlands, as it usually occurs within or nearby anthropogenic habitats and human
settlements (Bichet et al., 2015; S&tre et al.,, 2012; Seress and Liker, 2015).

Moreover, this species has a low dispersal rate with a restricted home range
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radius of 1000-2000 m with only around 10% of the juveniles individuals
dispersing over 2000 m from their natal locality (Snow and Perrins, 1998;

Summers-Smith, 1963, 1956).

Figure 1. House sparrows of different age classes and sexes captured in the
context of the studies of this thesis. Adult female (left), adult male (middle)
and juvenile (right).

We selected this species due to its historical association with humans, for
which is considered one of the best examples of urban exploiter and known to
thrive taking advantage of food resources and cavities for nesting both, in and,
close to human settlements (Hanson et al., 2020; Mckinney, 2002; Meillére et al.,
2015). However, since the 1970s, house sparrow populations are undergoing a
dramatic decline across Europe, especially in cities (Anderson, 2007; De Laet and
Summers-Smith, 2007; Hanson et al., 2020), including Spain (Murgui and Maclas,
2010). Among other factors, nutritional constrains, intensive animal husbandry
and agriculture, pollution, pesticides and infectious diseases caused by blood
parasites, have been reported as potential causes for this population decline
(Bichet et al., 2013; Dadam et al.,, 2019; Herrera-Duefias et al., 2017, 2014;
Meillére et al., 2017; Meyrier et al., 2017; Peach et al., 2018; von Post et al., 2012).
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Blood parasites

Avian malaria parasites of the genus Plasmodium and the related genera
Haemoproteus and Leucocytozoon, are widespread vector-borne parasites
commonly found infecting birds (Atkinson et al., 1991; ValkiGnas, 2005) and
frequently used as models in the study of the ecology of vector-borne pathogens
(Fecchio et al., 2020; Rivero and Gandon, 2018). These parasites are transmitted
by different insect vectors with distinct environmental requirements (Atkinson et
al., 1991; Valkitinas, 2005). Plasmodium parasites are transmitted by mosquitoes
(Culicidae) with most species thriving in small temporary water bodies (Becker et
al., 2020, 2010). Among other species, Culex pipiens is a competent vector highly
relevant for the transmission of avian Plasmodium in southern Spain (Ferraguti et
al., 2020; Gutiérrez-Lépez et al., 2020; Roiz et al., 2014). Biting midges (Culicoides)
are the main vectors of Haemoproteus (Parahaemoproteus) parasites (Purse et
al., 2015), which require wet soils for breeding. Previous studies in Spain suggest
that different Culicoides species may be involved in the transmission of
Haemoproteus, with Culicoides circumscriptus and Culicoides paolae likely acting
as important vectors in Andalusia (Ferraguti et al., 2013; Martinez-de la Puente
et al., 2009b; Veiga et al., 2018). Finally, blackflies (Simuliidae), the main vectors
of Leucocytozoon parasites, require constant running water bodies for breeding
(Ciadamidaro et al., 2016). Little is known about these vectors in Andalusia, but
recent evidence supports the potential role of Simulium rubzovianum as a vector
of Leucocytozoon parasites in the south of Spain, especially in birds breeding in
nest boxes (Chakarov et al., 2021).

House sparrows are frequently infected by haemosporidian parasites
(Bichet et al., 2013; Ferraguti et al., 2018), with a highly variable prevalence of
infection in different populations across its distribution area (Marzal et al., 2011).
Up to now, 39 genetically different lineages of Plasmodium, 13 lineages of
Haemoproteus, and 8 lineages of Leucocytozoon have been recorded infecting

house sparrows according to MalAvi database (accessed July 18th) (Bensch et al.,
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2009). These characteristics make the house sparrow suitable study model to
assess the joint impact of urbanization and parasite infections on individual traits
(Liker et al., 2008). Especially, juveniles individuals, reflects the environmental
conditions occurring during spring and summer of the sampling year and the
parasites circulating in the area during this period, as they may be infected during
nestling and post-fledgling stages (Cosgrove et al., 2008; Fecchio et al., 2020;
Valkitnas, 2005).
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Objectives

The main goal of this thesis was to determine how the dynamics of blood
parasites are affected by the habitat anthropization and how the joint effects of
this anthropization and parasite infections, impact on the health of wild birds. To
do that, | addressed two main questions that frame into two different sections
(Fig. 2). Section 1: Does habitat anthropization affect the transmission of avian
blood parasites? Section 2: Does habitat anthropization and blood parasite

infections affect birds health?

4 ™
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Section 1
Transmission dynamics

Section 2 - Birds health
e Ch. 2 - Body condition
Ch. 3 - Fatty acids

> Ch. 4 - Oxidative status
A Avian host

Ch. 1 - Temporal variation

Blood parasites
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Figure 2. Schematic representation of the approach used in this thesis to test
the relationships between anthropization, the transmission dynamics of blood
parasites and the joint effects of anthropization and parasite infection on
different measures of wild birds health. In the Section 1, | compared the
temporal variation of blood parasite infections in wild birds from habitats with
different anthropization levels (Ch. 1). In the Section 2, | identified the impact of
parasite infections and landscape anthropization along urban, rural and natural
habitats on three major variables reflecting the health of birds, namely body
condition (Ch. 2), the composition of plasma fatty acids (Ch. 3) and the oxidative
status (Ch. 4) estimated from birds blood samples. ‘Ch.’ followed by numbers
indicates the chapter of the thesis in which these relationships are studied.
Created with BioRender.com.
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In Section 1 (Chapter 1), | studied the transmission dynamics of
Plasmodium, Haemoproteus and Leucocytozoon parasites along two consecutive
years (2013 and 2014). Firstly, | evaluated how parasite prevalence and lineage
richness, two ecological parameters reflecting parasite infections dynamics in
birds, varied among and between these two years in urban, rural and natural
environments. Avian malaria prevalence and lineage richness usually fluctuate
between years, especially linked to climatic and environmental variation (Lachish
et al., 2011; Wood et al., 2007) and contrasting results have been found when
comparing birds populations from cities and less anthropized habitats (Delgado-
V. and French, 2012; Santiago-Alarcon et al., 2019; Sehgal, 2015). However, the
temporal stability of parasite communities in altered environments remains an
open question that has been addressed in this chapter.

Secondly, in Section 2, | analysed the impact of both habitat anthropization
and blood parasite infections on different variables reflecting the health of wild
house sparrows. | evaluated the body condition (Ch. 2), the composition of fatty
acids (Ch. 3) and the oxidative status (Ch. 4) of birds uninfected and infected by
avian malaria parasites, across an urbanization gradient, including populations
from urban, rural, and natural habitats. Hence, in Chapter 2, | compared the body
condition of individuals in relation to their infection status by Plasmodium,
Haemoproteus and Leucocytozoon parasites, across an urbanization gradient.
Different methods have been proposed to control for, or remove, the effects of
individual size on body mass (i.e., Békony et al., 2012; Peig and Green, 2009).
Although the use of bird body mass as a measure of body condition has been
debated, this variable is easy to measure, repeatable and allows to describe
energy and nutrient reserves (Labocha and Hayes, 2012). Here, the individual size
(wing length) was included as a covariate on the analyses with body mass as
dependent variable (Garcia-Berthou, 2001). Indeed, when body condition was

used as independent variable in other chapters, we use a body condition index

W



Objectives

estimated following Peig and Green, (2009) (Ch. 1 and 3) or only body mass when
data of bird size was not available due to plumage moult (Ch. 4).

Thirdly, in Chapter 3, | studied the serum fatty acids (FA) composition of
house sparrows according to their infection status by Plasmodium and from
populations across an urbanization gradient. FA are physiological components
that plays an important role as biological structures, like phospholipids in cell
membranes, and in processes such as oxidative stress, inflammatory and immune
responses (Arnold et al., 2015; Hulbert et al., 2005; Isaksson et al., 2017). The
food type consumed by birds would influence the intake of different FA while
physiological processes, such as metabolism, selective transportation and use
(Alagawany et al., 2019; Hulbert et al., 2005; Hulbert and Abbott, 2012; Price and
Valencak, 2013) would influence FA composition in the organism, especially in the
circulatory system (Finke et al., 2020). FA usually maintain their original structure,
which make them useful as dietary tracers (Twining et al., 2016) and provides
support for investigating bird’s physiological condition alongside with nutritional
status to understand population tolerance towards parasitic infections in
landscapes of varying degree of urbanization.

Finally, in Chapter 4, the oxidative status of juvenile house sparrows was
measured across an urbanization gradient including individuals uninfected and
infected by Plasmodium, Haemoproteus and Leucocytozoon. During the course of
infection, organisms develop inflammatory responses during which cells of the
immune system produce cytotoxic compounds that increase ROS (Sorci et al.,
2013; Sorci and Faivre, 2009). Additionally, pollutants or other environmental
stressors derived from human activities, such as burning fossil fuels, are toxic and
deleterious substances that can also increase ROS in birds from urban habitats
(Bichet et al., 2013; Herrera-Duefias et al., 2017, 2014; Isaksson, 2010; Koivula et
al., 2011; Romieu et al., 2008; Salmén et al., 2018). Thus, our aim was to identify
the impact of both habitat, parasite infections and their interaction, on the
physiological oxidative status of wild birds. For this, we evaluate both the

oxidative damage caused to lipids and the antioxidant capacity of birds, estimated
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through the concentration of three different antioxidant enzymes involved in
oxidative stress control. Overall, these three chapters contribute to the
understanding of the impact of landscape anthropization and parasite infections

on the health of birds.
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Material and methods

Study area and bird sampling

The study was conducted in Andalusia, in south-west Spain. This area is
characterized by a Mediterranean climate with mild-warm temperatures (16.82C
mean annual temperature). The area is characterized by long, dry, and hot
summers followed by short winters with low precipitation (605 mm annual
mean), which high variability between seasons and years, makes water

availability a main limiting factor.

Figure 3. Map of the study area in south-west Spain. Sampled localities
included urban (blue), rural (yellow), and natural (green) habitats. Urbanized
areas are highlighted in dark grey in the map. Chapter 1 includes all localities
of the Huelva province sampled during two consecutive years (2013 and 2014).
Chapter 2 includes samples from all the 45 localities (all figures). Chapter 3
includes samples of birds from localities represented with triangles. Chapter 4
includes all localities except for those represented with squares.
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Birds from 45 localities were sampled in the provinces of Seville (N=15) and
Cadiz (N=15) during 2013 and in Huelva (N=15) during both 2013 and 2014 (Fig.
3). Geographically close localities were grouped in triplets harbouring one urban,
one rural, and one natural habitat (see Landscape characterization section for
further information). The average distance within localities of the same triplet
was 5739.87 m (+SD 4465.12 m). The geographical structure of the triplets was
maintained in all chapters. However, the number of sampling localities and years
included varied between the chapters of this thesis. In Chapter 1, the 15 localities
from Huelva province sampled during two consecutive years were included.
Chapter 2 includes information from all the 45 localities sampled during 2013. In
Chapter 3, due to the limited funding available to run the eco-physiological
analyses, there was a reduction of the number of localities included, with only 5
triplets being analysed. We included nine localities from Huelva (3 triplets), three
localities from Seville (1 triplet) and three localities from Cadiz (1 triplet). In
Chapter 4, a total of 42 localities (14 triplets) sampled in 2013 were included. One
triplet had to be excluded from the oxidative stress analyses because of the low
number of juvenile male house sparrows captured in one locality of the triplet,
consequently, the complete triplet was excluded from the analyses.

Wild house sparrows were captured from July to October in 2013 and from
June to August in 2014 by a maximum of three teams of specialized ringers (Fig.
4). Birds were captured using mist-nests and a bird call playback recorder. Birds
were ringed with a numbered aluminium ring, and, when possible, visually sexed
and aged according to their plumage characteristics and skull ossification
(Svensson, 2009). Birds were classified as yearlings (birds younger than one year,
Euring code 3), adults (birds older than one year, Euring code 4), and as unknown
age (Euring code 2). Birds of the last category were excluded from the analyses.
Birds were weighted with an electronic balance (to the nearest 0.1 g) and their
wing length was measured with a metal ruler (to the nearest 1 mm). A blood

sample was obtained from the jugular vein of each bird using sterile syringes,
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never exceeding 1% of their body mass. Blood samples were transferred to
Eppendorf tubes and preserved in cold-boxes during the field work.
Subsequently, samples were transferred to refrigerators and kept at 42C until
centrifugation for 10 min at 1700g (4000 rpm) the next morning. The serum and

cellular fractions were separated and frozen at -802C and -209C, respectively,

until further analyses.

Figure 4. Process of extraction from the mist-net, ringing, wing length measure,
body mass measure and blood extraction of house sparrows (from up left to
right down).

Landscape characterization

The categorization of the localities was based on visual inspection of the habitat,
being classified as urban, rural or natural habitats. Urban habitats were
characterized by higher density of human populations than rural and natural
habitats from the same triplet. Rural habitats were defined by a higher density of

livestock than urban and natural ones from the same triplet. Natural habitats
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corresponded to better conserved areas where wildlife predominated over both
humans and livestock. This characterization was used in all chapters of this thesis.
Additionally, complementary data of landscape use was estimated and
used in chapter 2. First, an urbanization score was obtained for each locality with
a semi-automated software (http://keplab.mik.uni-pannon.hu/en/ urbanization-
index) following the procedure described in Czuni et al. (2012), Lipovits et al.
(2015), and Seress et al. (2014). Briefly, satellite images were obtained in ‘.jpeg’
format from Google Maps covering an area of 1 square km around each bird
sampling point. After marking some reference points, the software estimates the
proportion of buildings, vegetation, and paved road coverture, which are then
combined in a Principal Components Analysis (PCA) to obtain an ‘urbanization
score’. This ranges from low and negative values regarding less urbanized areas,
to positive and higher values for more intensely urbanized ones. Moreover, the
percentage of the total area occupied by agricultural, natural and urban lands was
measured using the cartography from the study area
(http://www.juntadeandalucia.es/institutodeestadisticaycartografia/DERA/)
considering a 2000 m radius buffer around the bird sampling site using the
software ArcGis v10.2.1 (ESRI, Redlnad). Also, human population density was
estimated as the number of people living in a grid of 250m? according to the data
registered on 1st January 2013 by the Institute of Statistics and Cartography of

Andalusia.

Laboratory analyses

Genomic DNA was extracted from the blood cellular fraction using the
Maxwell®16 LEV System Research (Promega, Madison, WI, USA). For those birds
not sexed morphologically in the field, sex was determined following the
protocols by Griffiths et al. (1998, 1996). The infection status of birds and blood
parasite identity were determined through the amplification of a 478 bp fragment

of the haemosporidian mitochondria cytochrome b gene (Hellgren et al., 2004).
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Negative samples were analysed twice to avoid false negatives (McClintock et al.,
2010). Both negative controls for the PCR reactions (at least one per plate) and
DNA extractions (one per 15 samples) were included in the analysis. PCR
amplifications were resolved in 1.2% agarose gels and positive amplifications
were sequenced. The parasites were identified by comparison with sequences
deposited in public databases including GenBank (National Center for
Biotechnology Information) and MalAvi (Bensch et al., 2009). This information
was included in the four chapters of this thesis.

Fatty acids (FA) analysed in Chapter 3 were extracted from serum samples
following the protocol described in Andersson et al. (2015) and measured by Gas
Chromatography/Mass Spectrometry (GC/MS). The relative proportion of the
three main FA groups namely saturated fatty acids (SFA), monounsaturated fatty
acids (MUFA) and polyunsaturated fatty acids (PUFA), the PUFA groups Omega 3
and 6 (w-3 and w-6), and the absolute FA concentration (FAwt) were estimated.
In addition, we also included in our analyses two biomarkers, namely the w-6/w-
3 ratio and the Peroxidation Index (Pl), a proxy for measure the susceptibility of
lipids to peroxidation (i.e., susceptibility to oxidative damage).

Finally, in Chapter 4, four different markers were studied from the blood
cellular fraction of birds to evaluate their oxidative status. These markers
included the thiobarbituric reactive substances (TBARS), that measures the
oxidative damage to lipids and the activity of the superoxide dismutase (SOD),
the glutathione peroxidase (GPx) and the glutathione reductase (GR), enzymes

implied in the redox system and the antioxidant capacity of birds.
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Graphical abstract

Prevalence & Richness

Plasmodium
Haemoproteus
' )

Habitat
& Time

Highlights:

Plasmodium, Haemoproteus and Leucocytozoon infection dynamics

respond differently through habitat types and time.

The prevalence of Haemoproteus and Leucocytozoon were higherin 2013

than in 2014 and positively correlated between years.

Lineage richness of rural areas differed yearly for Haemoproteus and was

negatively correlated within years for Leucocytozoon.

The Plasmodium prevalence of infection and lineage richness were

similar between years and habitat types.

Parasite lineages were homogeneously distributed and had similar

prevalence across habitat types and sampling years.

Keywords: Haemoproteus, Landscape change, Leucocytozoon, Passer

domesticus, Plasmodium, Vector-borne diseases.
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Abstract

Urbanization is an important human-driven process that leads to biodiversity loss
and alters the interactions between organisms, including disease transmission.
Although urbanization affects both host and vector communities, the effects on
vector-borne pathogens are still poorly understood. Here, we monitored
variation in prevalence and richness of three common blood parasites in birds
(Plasmodium, Haemoproteus and Leucocytozoon) from localities with different
land uses (urban, rural and natural) during two consecutive years (2013 and
2014). Overall, 1400 juvenile house sparrows from 15 localities in southern Spain
were included in this study. Haemoproteus and Leucocytozoon prevalence was
higher in 2013 than in 2014, particularly in urban and natural habitats for the case
of Leucocytozoon. Prevalence was correlated between years for Haemoproteus
and Leucocytozoon, independently of the habitat. Additionally, rural habitats
harboured significantly higher Haemoproteus lineage richness compared to
urban and natural habitats during 2014. Leucocytozoon lineage richness was
negatively correlated between years in rural habitats but positively correlated in
urban and natural habitats in comparison. Parasite lineages found in birds were
homogeneously distributed along habitats and years and the common lineages
prevalence were not influenced by them. Our results highlight different patterns
of infection depending on the parasite genera probably related to the
composition and density of vector communities. The specific reproductive
environmental requirements of the different groups of vectors involved in the

transmission may be affected by climatic conditions and landscape features.
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Introduction
The expansion of urban areas has important environmental impacts that affects
organism survival, leads to biodiversity loss and alters the interactions between
organisms, including disease transmission (Bradley and Altizer, 2007; Seress and
Liker, 2015; Sol et al., 2014). The simplification of habitat structure caused by
urbanization affects the abundance of hematophagous insects and the
susceptibility of hosts to infectious diseases, consequently altering the spread of
vector-borne parasites (Calegaro-Marques and Amato, 2014; Patz et al., 2008).
Changes in abiotic and biotic factors driven by humans have been proposed to
affect life history-traits, abundance and composition of the communities of both
vectors (Ciadamidaro et al., 2016; Ferraguti et al., 2016; Santiago-Alarcon et al.,
2013) and vertebrate hosts (Biard et al., 2017; Chace and Walsh, 2006; Crooks et
al., 2004; Evans et al., 2009b; Liker et al., 2008). Nevertheless, human activities
also provide alternative resources that can be exploited by anthropophilic species
(Mgller and Diaz, 2017). Such is the case of the house sparrow, a passerine bird
that for centuries has lived together with humans taking advantage of
anthropogenic food resources and cavities for nesting (Anderson, 2007; Laet and
Summers-Smith, 2007). This may be also the case of invertebrates such as Culex
pipiens and Aedes albopictus, hematophagous mosquitoes that have found in
urbanized areas suitable habitats for breeding (Ferraguti et al., 2016; Gangoso et
al., 2020; Li et al., 2014; Wilke et al., 2019). Urban resources are stable throughout
time and are highly predictable for urban dwelling species, while in less modified
habitats or in natural ones, the presence or availability of these resources will
depend, to a larger extent, on environmental factors like climate (Becker et al.,
2010; Chamberlain et al., 2009; Roiz et al., 2014). Thus, the composition and
stability of vector and host communities in urbanized landscape may influence
the transmission of vector-borne parasites through space and time.

Avian malaria parasites of the genus Plasmodium and the related genera
Haemoproteus and Leucocytozoon, are widespread haemosporidians commonly

found infecting birds (Valkitinas, 2005) and frequently used as models in the study
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of the ecology of vector-borne pathogens (Fecchio et al., 2020; Rivero and
Gandon, 2018). Different authors have compared the prevalence, richness and
diversity of these blood parasites in bird populations from cities and natural
habitats (Delgado-V. and French, 2012; Santiago-Alarcon et al., 2019; Sehgal,
2015), often obtaining contrasting results. While some authors found a lower
prevalence of infection in birds from urban than from non-urban habitats (Evans
et al.,, 2009a; Geue and Partecke, 2008; Santiago-Alarcon et al., 2020), other
studies reported the opposite pattern (Belo et al., 2011; Bradley and Altizer, 2007,
Hernandez-Lara et al., 2017; Tinajero et al., 2019), or even no significant
differences (Bichet et al., 2014; Ferraguti et al., 2018; Jiménez-Pefiuela et al.,
2019). Moreover, the richness of blood parasite lineages circulating in an area is
associated to the richness of avian species present in a locality (Ferraguti et al.,
2018). Consequently, given the reduced number of avian species present in urban
habitats (Clark et al., 2018; Shochat et al., 2006), urbanization may not only affect
prevalence of parasites but also result in a lower richness of blood parasites
(Hernandez-Lara et al., 2020; but see Fariello, 2019).

Studies in wild bird populations have shown that avian malaria prevalence
and lineage richness usually fluctuate between years linked to climatic and
environmental variation that may affect both vector and host populations
(Lachish et al., 2011a; Wood et al., 2007). However, the temporal stability of
parasite communities in altered environments remains an open question. Here,
we analysed the relationship between landscape use and the temporal variation
in two parameters reflecting parasite infections dynamics in birds of bird
infections, namely parasite prevalence and lineage richness. To do that, we used
the house sparrow (Passer domesticus) as study model species, based on its
ubiquity and low dispersal rate (Anderson, 2007; Hanson et al., 2020; Summers-
Smith, 1956). Specifically, we focused on juvenile birds as they may be infected
during nestling and post-fledging periods, thus reflecting the parasite circulation
in the area during the year of sampling (Cosgrove et al., 2008; Fecchio et al., 2020;

Valkiinas, 2005). We sampled birds from 15 localities with different landscape
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uses during two consecutive years. We tested whether the prevalence of
infection by blood parasites and richness of lineages would differ between the
habitats studied. Based on the impact of urbanization on the dynamics of parasite
transmissions, we expected different patterns in urban than in natural and rural
habitats, due to, for example, a lower density of insect vectors and simplified
avian community usually found in more urbanized habitats (Evans et al., 2009b;
Ferraguti et al., 2016; Seress and Liker, 2015). In addition, we also expect different
patterns of temporal variability in parasite prevalence and richness within
different landscape uses, as human activities and urbanization may reduce the
environmental variability. Consequently, more urbanized habitats had insect
breeding areas that are less influenced by rainfall patterns (Li et al., 2014; Wilke
et al., 2019), and host will have more abundant and seasonally stable food from
anthropogenic activities that could influence their immune responses against
infections (Liker et al., 2008; Salleh Hudin et al., 2016). Finally, distinct patterns
may be expected for each of the three parasite genera studied, namely
Plasmodium, Haemoproteus and Leucocytozoon, as a consequence of the diverse
environmental requirements of the insect groups involved in their transmission
(Ciadamidaro et al., 2016; Pérez-Rodriguez et al., 2013; Purse et al.,, 2015;
Santiago-Alarcon and Marzal, 2020; Valkitinas, 2005).

Materials and Methods

Study area and bird sampling

Fieldwork was conducted in the province of Huelva (southern Spain) from July to
October in 2013 and from June to August in 2014, overlapping with the higher
density of juvenile house sparrows in the area. Sampling sites included 15
localities grouped into five triplets, each one formed by geographically close
localities in an urban (defined as an area with high density of humans), a rural
(defined as places with a high density of livestock), and a natural habitat (defined
as an area preserved from habitat transformation with lower density of both

livestock and humans than the other ones). The categorization of these localities
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was based on visual characteristics (for further information on the sampling
design see Ferraguti et al., 2016). The average distance within localities of the
same triplet was 5645.8 m (£SD 4957.5 m). On average, house sparrows have a
home range radius of 1000 to 2000 m with only 10% of individuals dispersing over
2000 m (Snow and Perrins, 1998; Summers-Smith, 1963, 1956), which may allow
gene flow between these localities. So, in this study we assume that no genetic
differences occur between the house sparrows from different localities that may
affect their resistance and tolerance to the infection by the studied
haemosporidians.

House sparrows were captured using mist-nets and a bird call playback
recorder to avoid any potential bias in bird sampling. Birds were ringed with a
numbered metal ring, sexed and aged when possible, based on plumage
characteristics and skull ossification (Svensson, 2009). In this study, we only
analysed juvenile birds (e.g., those born in the calendar year), which were
identified based on plumage wearing and/or the absence of complete cranial
ossification. The number of recaptured birds between trapping sessions and years
was extremely low and thus, only birds from first captures were included in the
analyses. A blood sample was extracted from the jugular vein of each bird using
sterile syringes. The volume of blood extracted depended on the body size of each
bird and never exceeded 1% of their body mass. Blood was stored in Eppendorf
tubes, maintained in cold-boxes during the field work, and subsequently kept at
429C prior to centrifugation for 10 min at 1700x g (4000 rpm). The cellular fraction

was frozen at -20 2C until further molecular analyses.

Molecular analyses

Genomic DNA was extracted using the Maxwell®16 LEV System Research
(Promega, Madison, WI). Unsexed birds using plumage characteristics were
molecularly determined following Griffiths et al. (1998, 1996). The infection
status and parasite identity was determined through the amplification of a

fragment of the cytochrome b gene (Hellgren, Waldenstrom, & Bensch, 2004).
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Negative samples were analysed twice to minimize the occurrence of false
negatives (McClintock et al., 2010). Both negative controls for PCR reactions (at
least one per plate) and DNA extractions (one per 15 samples) were included in
the analysis. Positive amplifications were sequenced by Macrogen Inc.
(Amsterdam, The Netherlands). Amplicons were sequenced unidirectionally to
reduce the economic cost of sequencing a large number of positive reactions
(Dubiec et al., 2016). Nevertheless, a number of samples were sequenced
bidirectionally with the complementary primer to confirm the identity of lineages
present in the area, especially considering novel and uncommon ones (see
Supplementary Material, Table S1). Sequences were edited using the software
Sequencher™ v 4.9 (Gene Codes Corp. © 1991-2009, Ann Arbor, MI 48108, USA)
and the parasite lineages were identified by comparison with sequences
deposited in the GenBank (National Center for Biotechnology Information) and
MalAvi databases (Bensch et al., 2009). Here, six samples showed evidence of
coinfection by the presence of double peaks in the chromatogram, and other six
have sequences of low quality. These individuals were only considered in the
analyses of parasite prevalence but not for lineage richness. The sequence of the
new Plasmodium lineage PADOM38 found here was named following the
recommendations of Bensch et al., (2009) and deposited in GenBank (accession
n2 MW264845). Information on bird parasite infections from 2013 was previously
analysed in the context of other studies (Ferraguti et al., 2018; Jiménez-Pefiuela

et al., 2019).

Statistical analysis

The dataset used in this study included 1400 birds (Nmales=848, Nfemales=552). The
body condition of birds was estimated following Peig and Green (2009), from
body mass and wing length. Unfortunately, the wing length of four individuals
was not recorded, so analyses considering body condition were restricted to 1396
birds. Moreover, due to the low quality of the sequences and coinfections, 10

birds infected by Plasmodium and 2 birds infected by Haemoproteus were not
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identified to the lineage level and were not include in the analyses of richness,
restricting them to 1388 birds.

The effects of landscape use and year on parasite prevalence were tested
by fitting Generalized Linear Mixed-Effects Model (GLMM) with a binomial
distributed error and a ‘logit’ link function. The infection status (1: infected, O:
uninfected) of birds, was included as the dependent variable while month of
sampling (continuous), body condition (continuous), bird sex (categorical), year
of sampling (categorical), habitat (categorical) and the two-way interaction
between year and habitat were included as continuous independent variables or
fixed factors. Locality nested in triplet was included as a random factor to control
for the geographical stratification of the study areas.

To further investigate the variation in parasite prevalence between years
and habitat, we fitted Linear Mixed-Effects Models (LMM) by maximum
likelihood. We included the prevalence in 2014 at each locality (N=15) as the
continuous dependent variable and the prevalence in 2013 (continuous), habitat
(categorical) and the two-way interaction between prevalence in 2013 and
habitat as independent variables. The triplet was included as a random factor in
the analyses. To conduct these analyses, the prevalence of infection for each
locality and year was estimated as the least square means for the year and locality
interaction, from a Generalized Lineal Model (GLM) with a binomial distributed
error including the infection status (1: infected, O: uninfected) as the dependent
variable while controlling for month of sampling, body condition, bird sex, year of
sampling and locality (categorical), and the interaction between year and locality.
Separate models were fitted for each Plasmodium, Haemoproteus and
Leucocytozoon.

The richness of parasite lineages was estimated independently for each
genus, year and locality from rarefaction curves with the function rarefy (package
vegan, see below) (Oksanen et al., 2008). This procedure allowed us to control
for differences in sample size between localities and years. Subsequently, we

used LMM fitted by maximum likelihood to identify the role of landscape use and
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year on richness. The lineage richness of both years (continuous) (N=30) was
included as the dependent variable and year (categorial), habitat (categorical)
and their interaction were included as independent variables, and locality was
nested into triplet as a random factor. To assess correlation of parasite richness
between years, we fitted a model including the lineage richness at each locality
in 2014 (continuous) (N=15) as the dependent variable and the lineage richness
at each locality in 2013 (continuous), habitat (categorical) and their interaction as
independent variables while the triplet was included as a random factor.

Additional Generalized Linear Mixed-Effects Models (GLMM) were fitted to
identify potential differences in the distribution of the more common parasite
lineages throughout the three habitats. The infection status of birds by each
parasite lineage was included as the dependent variable, while year of sampling,
habitat and their interaction were included as independent variables. Locality
nested into triplet were included as a random factor. Separate models were fitted
for each of the most common parasite lineages (i.e., those representing at least
10% of infections by a given parasite genus) while the rest of the lineages and not
identified lineages (10 for Plasmodium and 2 for Haemoproteus) were pooled
together in category “others”. Models were fitted with a binomial distributed
error and a ‘logit’ link function. We analysed each genus separately, considering
only birds infected by Plasmodium (N=483), Haemoproteus (N=236) and
Leucocytozoon (N=312). Moreover, heat maps for each year showing the number
of birds infected by each parasite lineage in each locality were created using the
function heatmap.2 from the package ggplot2.

When we found a significant effect of the variable habitat, differences
between the three factor levels were tested with Tukey’s Post Hoc Contrasts. In
addition, Test contrasts of factor interactions from the package phia (Martinez,
2015) were used to test for differences between levels of the interaction between
habitat and year. We calculated the variance explained by the models by
estimating a pseudo-R? (Nakagawa and Schielzeth, 2013) using the package

MuMin (Barton, 2019). Collinearity between independent variables was tested
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with the Variance Inflation Factor (VIF) (Zuur et al., 2010) and we did not find
evidence of collinearity (values < 4). Normality of continuous variables and the
residuals of all the LMMs were tested by checking normality gg-plots and Shapiro-
Wilk's normality tests, while overdispersion for GLMMs was checked with
Pearson overdispersion test. Variance homogeneity of the variables was tested
with a Levene test. The 95% confidence intervals (C.l.) of prevalence estimates
were calculated with the function binconf from the package Hmisc. All the
statistical analyses were conducted in R (v, 3.6.0 GUI 1.70 El Capitan build; R
Foundation for Statistical Computing 2018) using the packages: arm, car, cowplot,
ggplot2, Hmisc, lattice, Imed, ImerTest, Ismeans, MASS, Matrix, multcomp,

MuMIn, nlme, phia, RcppEigen, stats, and vegan.

Results

Interannual and landscape variation in parasite prevalence

The 63.6% (C.I.: 59.8-67.1) of the 667 and 58.1% (C.l.: 54.5-61.6) of the 733 birds
sampled in 2013 and 2014 respectively, were infected by at least one parasite
genus. Of them, 14.4% (C.l.: 11.9-17.3) and 11.0% (C.l.: 8.98-13.5) were
coinfections between Plasmodium or Haemoproteus and Leucocytozoon
parasites in 2013 and 2014, respectively. Plasmodium was the most common
parasite found infecting birds (prevalence;n3=34.9%, C.l.: 31.4-38.6;
prevalencey014=33.7%, C.l.: 30.4-37.2) followed by Leucocytozoon
(prevalencez013=23.1%, C.l.: 20.0-26.4; prevalence014=21.5%, C.l.: 18.7-24.7) and
Haemoproteus (prevalencez013=20.0%, C.l.: 17.1-23.1; prevalence;014=13.9%, C.I.:
11.6-16.6). See Table S1 in Supplementary Material for further details.

In addition, differences between habitats were only significant in 2013,
with birds from natural habitats showing higher prevalence of Leucocytozoon
than rural ones (x?=4.56, d.f.=1, p=0.03) (Fig. 1). Leucocytozoon prevalence
decreased during the sampling period as supported by the negative association
between this variable and month (Table 1). The prevalence of Plasmodium and

Haemoproteus was higher in birds with higher body condition while no

g&45‘!j



Section 1

relationship was found for Leucocytozoon. No temporal differences or habitat
associations in Plasmodium prevalence were found (Fig. 1, Table 1). Variance in
parasite prevalence between localities and years was similar between habitats
(Levene test, p > 0.52 for the three genera). No difference in prevalence was
found according to bird sex for any of the three parasites analysed.
Complementarily, we tested the relationships between prevalence in 2014
and in 2013 for each parasite genus. For the case of Haemoproteus and
Leucocytozoon, the prevalence of infection was positively correlated between
years. By contrast, the prevalence of infection by Plasmodium parasites was not
significantly associated between years (Fig. 2, Table 2). Non-significant
associations were found for either habitat or the interaction between parasite
prevalence during 2013 and habitat for any of the parasite genera, suggesting
that the reported associations were independent from the landscape use (Table

2).
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Figure 1. Mean (* standard errors) prevalence of infection by Plasmodium (A),
Haemoproteus (B) and Leucocytozoon (C) found in juvenile house sparrows in
2013 (circles) and 2014 (triangles) according to habitat. Account for the different
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scales of the “y” axe.
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Figure 2. Relationship between the prevalence of infection by Plasmodium (A),
Haemoproteus (B) and Leucocytozoon (C), during 2013 and 2014 in wild
populations of juvenile house sparrows.
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Interannual and landscape variation in parasite lineage richness
Lineage richness did not differ between years for any of the parasites studied.
However, lineage richness of Haemoproteus showed a significant association with
the interaction between year and habitat (Table 3). Only in 2014, a higher
Haemoproteus richness was found in rural habitats than in natural (x*=6.27,
d.f.=1, p=0.01) and urban ones (x?>=5.23, d.f.=1, p=0.02). In addition, marginally
significant differences were found between years only in rural habitats (x*=3.41,
d.f.=1, p=0.06) (Fig. 3). Moreover, a marginally significant effect of the interaction
between year and habitat was found for Leucocytozoon richness (Table 3) due to
significant differences in lineage richness found between years in rural habitats,
being higher in 2014 (Fig. 3C; x>=7.52, d.f. = 1, p=0.006). Plasmodium richness was
not significantly related to year, habitat nor their interaction (Table 3).
Complementarily, we tested the relationship between the parasite
richness in the same localities during the two consecutive years. Surprisingly,
overall lineage richness was not correlated between years for any of the parasite
tested (Table 4). Further, we found a significant effect of the interaction between
Leucocytozoon richness during 2013 and the habitat on Leucocytozoon richness
during 2014 (Table 4). Leucocytozoon lineage richness showed a negative
correlation between years in rural habitats (Est=-0.87, S.E.= £0.20, p=0.006), but
this correlation was not significant in natural (Est=0.32, S.E.= £0.22, p=0.20, Table
4) nor urban habitats (Est=0.16, S.E.= +0.30, p=0.60). Nevertheless, the
correlation in lineage richness between years in urban (Est=1.04, S.E.= +0.29,
p=0.04) and natural habitats (Est=1.20, S.E.= £0.29, p=0.008) were positive and

statistically significant in comparison to rural habitats (Fig. 4, Table 4).
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Table 3. Results of the LMM analysing the effects of year, habitat, and their interaction on the richness by each of the three parasite
genera (N=30). Significant relationships (p < 0.05) are highlighted in bold. Conditional (and marginal) R? are shown. Est = Estimate;

S.E.= Standard Error.

Plasmodium Haemoproteus Leucocytozoon
Est (£ S.E.) ¥ Df p Est(tS.E.) ¥ Df P Est (tS.E.)] ¥ Df p
Intercept| 2.63(0.36) 52.91 1 <0.001|1.29(0.29) 19.77 1 <0.001|1.77(0.33) 2791 1 <0.001
Year 2013 0.002 0.002 0.00°
027 1 0.61 156 1 0.21 0.0y 1 0.79
Year 2014| 0.21 (0.41) -0.38 (0.31) 0.12 (0.44)
Habitat: Natural 0.00° 0.00° 0.00°
Habitat: Rural| 0.24(0.51) 164 2 044 | 0.08(0.41) 0.206 2 0.88 |-038(047) 164 2 044
Habitat: Urban| -0.41 (0.51) 0.21 (0.41) 0.22 (0.47)
Year*Habhitat: 2013*Natural 0.002 0.002 0.002
Year®*Habitat: 2014*Rural| -0.10(0.58) 0.14 2 093 | 0585(0.43) 733 2 0.03 |1.09(0.62) 506 2 0.08
Year*Habitat: 2014*Urban| 0.12 (0.58) -0.12 (0.43) -0.22 (0.62)
R2 0.40 (0.09) 0.56 (0.22) 0.30 (0.19)

®Reference category
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Table 4. Results of the LMM analysing the effects of habitat, the richness in 2013 and their interaction, on the richness
in 2014 by each of the three parasite genera (N=15). Significant relationships (p < 0.05) are highlighted in bold.
Conditional (and marginal) R? are shown. Est = Estimate; S.E.= Standard Error.

Plasmodium Haemoproteus Leucocytozoon
Est (£ S.E.} x¥ Df p |Est{tS.E) ¥ Df p Est{(tS.E} ¥ Df p
Intercept| 0.24(2.85) 0.007 1 093] 0.26(0.68) 0.15 1 0.70 |1.31(051) 673 1 0.01
Richness 2013| 0.99(1.07) 0.85 1 0.35|0.50(0.50) 099 1 032 |0.32(0.22) 212 1 0.15
Habitat: Natural 0.008 0.00° 0.00#
Habitat: Rural| -0.58 (3.88) 0384 2 0.66| 1.74(0.79) 1263 2 0.002| 2.49(0.50) 2820 2 <0.001
Habitat: Urban| 1.80 (3.12) -0.27 (0.81) 0.24 {0.73)
Richness 2013*Habitat: Natural 0.008 0.00° 0.00#
Richness 2013*Habitat: Rural| 0.17(1.40) 0.95 2 062|-0.55(0.56) 399 2 0.14 [-1.20(0.29) 18.70 2 <0.001
Richness 2013*Habitat: Urban| -0.76 (1.20) 0.17 (0.56) -0.16 (0.37)
R2 0.20 {0.18) 0.63 {0.63) 0.90 {0.38)

2 Reference category
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Figure 4. Relationship between lineage richness of Plasmodium (A),
Haemoproteus (B), and Leucocytozoon (C) parasites between 2013 and 2014
according to the different habitat. Natural, rural, and urban habitats are shown in
green straight line with circles, yellow small-dotted line with triangles and blue
big-dotted line with squares, respectively.
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Interannual and landscape variation in specific parasite lineages prevalence

We found 23 different parasite lineages infecting house sparrows, including 13
lineages of Plasmodium spp., 4 lineages of Haemoproteus spp. and 6 lineages of
Leucocytozoon spp. (see Table S2 in Supplementary Material). The distribution of
the different parasite lineages was homogeneous among and between habitats,
with one linage per genus harbouring the most part of infected birds: SGS1 for
Plasmodium, PADOMOS5 for Haemoproteus and RECOB3 for Leucocytozoon (Fig.
5). Moreover, the analyses revealed that the incidence of the most common
parasite lineages (i.e., those representing more than 10% of infections) were not
significantly associated with year of sampling, habitat, or their interaction. Similar
conclusions were obtained in analyses where we pooled the remaining lineages

of each genus (Tables S3, S4 and S5).
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Discussion

According to our results, the prevalence of infection by both Haemoproteus and
Leucocytozoon in house sparrows was higher in 2013 than in 2014, particularly
for Leucocytozoon, in urban and natural habitats. Also, Leucocytozoon prevalence
was higher in natural habitats than in rural ones for the first year. The prevalence
of Plasmodium and Haemoproteus was higher in birds with higher body condition
and Leucocytozoon prevalence decreased along the month of sampling. The
prevalence of infection by both Haemoproteus and Leucocytozoon at population
level, showed a positive association between years independently of the habitat.
Moreover, birds from rural habitats harboured higher Haemoproteus lineage
richness compared to urban and natural habitats during 2014. Additionally,
Leucocytozoon lineage richness showed negative and significant correlations
between years in rural habitats and a positive correlation in urban and natural
habitats in comparison. No significant associations of year, habitat or its
interaction were found for Plasmodium prevalence nor richness. These results
certainly support that in spite of the similarities in the life-cycle of the three
parasite genera studied here, clear differences could be found according to the
host-parasite system considered, as previously reported (Calegaro-Marques and
Amato, 2014; Hernandez-Lara et al., 2017; Pérez-Rodriguez et al., 2013; Turcotte
et al., 2018).

Biting midges (Culicoides) are the main vectors of Haemoproteus (subgenus
Parahaemoproteus), blackflies (Simuliidae) transmit Leucocytozoon parasites,
and mosquitoes (Culicidae) are the vectors of Plasmodium parasites (Atkinson
and Van Riper, 1991; Valkitinas, 2005). The prevalence of vector-borne parasites,
as those studied here, are strongly determined by the abundance and diversity of
insect vectors in the area (Lalubin et al., 2013; Martinez-de la Puente et al., 2013).
Indeed, according to previous modelling studies, an increase in vector diversity
may facilitate pathogen transmission success (Roche et al.,, 2013, 2012) by
favouring the probability that pathogens will interact with competent vectors.

Therefore, differences in the environmental requirements between vector
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groups may determine the differential epidemiology of these parasites, with
environmental and climatic factors such as temperature, rainfall or drought,
playing a major role on vector populations (Patz et al., 2008). Thus, the
interannual differences in Haemoproteus and Leucocytozoon prevalence found in
this study could be due to differential weather conditions between years that
directly affect the abundance of biting midges and black flies in the area. Our
results agree with other studies where authors sampled birds in different years
and also found differences in the prevalence of blood parasites (Bensch et al.,
2007; Dubiec et al.,, 2016; Geue and Partecke, 2008; Knowles et al., 2011).
Moreover, weather conditions strongly affect the numbers of blood-sucking
arthropods feeding on birds since their earlier stage of development (Martinez-
de la Puente et al.,, 2009; Merino and Potti, 1996), potentially affecting their
exposure to haemosporidians. The reason why Leucocytozoon show interannual
differences in prevalence only in urban and natural habitats but not in rural ones,
might be determined by specific habitat characteristics. Certainly, apart from
weather conditions, environmental features in the area, including the availability
of breeding areas for insect vectors (Becker et al., 2010), may determine stability
in parasite prevalence. Biting midges require soil-water interface spaces for
breeding (Purse et al., 2015) and blackflies breeds in constant running water
bodies (Ciadamidaro et al., 2016). Thus, the positive relationship in the
prevalence of infection between years found for Haemoproteus and
Leucocytozoon suggest that populations of both biting midges and blackflies may
found stable environmental characteristics (e.g., breeding sites). This may allow
the reproduction of these vectors in the studied localities during the two
consecutive years despite the weather conditions variations that cause the
differences found between years. Moreover, the availability of running water
bodies may decrease along the season with the increment of temperature and
decrease of precipitation, which could explain, at least in part, the decrease in the
Leucocytozoon prevalence along the sampling period. By contrast, mosquitoes

use different breeding environments with most species thriving in small
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temporary water bodies, which make them largely dependent of precipitation
and temperatures of the year (Becker et al., 2010). Weather conditions in
Mediterranean areas highly varies between years and seasons in terms of
precipitations, drastically varying the populations of avian Plasmodium vectors,
including the species Culex pipiens (Roiz et al., 2014). Due to the key role of Culex
species such as Cx. pipiens in the transmission of avian Plasmodium (Ferraguti et
al.,, 2020; Gutiérrez-Lépez et al., 2020), fluctuating environmental conditions
affecting their populations may explain, at least in part, the absence of
interannual differences or correlation in the prevalence of Plasmodium parasites
(Gangoso et al., 2020).

In addition, we cannot rule out the possibility that other factors may also
explain the pattern of infections found in wild birds. For instance, food availability
in terms of abundance, quality and stability allows birds to invest more resources
on immune defence (Houston et al., 2007). Immune responses are energetically
costly, so those individuals in better body condition may be capable of producing
stronger immune responses (Navarro et al.,, 2003). Also, even if abundant,
anthropogenic food is usually rich in carbohydrates and fats but low in protein
content, and consequently may now allow to fulfil all physiological requirements
when consumed by wild birds (Chamberlain et al., 2009; Meyrier et al., 2017,
Seress et al., 2019). Our results show that birds infected by Plasmodium or
Haemoproteus had higher body condition, as was previously recorded in a prior
study conducted in the area (Jiménez-Pefiuela et al., 2019). These results could
be explained based on a selective mortality of infected birds showing a poorer
body condition, unable to fought off infection. Additional factors could also
explain our results. Potential genetic differences (i.e., MHC genes) in birds from
different areas could explain their differential capacity to respond against
parasites (Bichet et al., 2015) as particular haplotypes may confer both
susceptibility or resistance to blood parasite infections (Rivero-de Aguilar et al.,
2016). We do not have information on the gene flow between localities to test

this possibility, however, house sparrows have a home range radius of 1000 to
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2000 m with the 10% of individuals dispersing over 2000 m (Snow and Perrins,
1998; Summers-Smith, 1963, 1956) which may allow the genetic flow between
birds populations of the localities of study and reduce potential genetic
differences. Finally, we cannot exclude either the possibility that parasite
virulence varies between parasite lineages in addition to parasite genera (Lachish
et al., 2011b), thus explaining the patterns of infection found here. Nevertheless,
the different lineages identified in house sparrows from this study showed a
generalist distribution, without significant differences according to year nor
habitat.

Interestingly, we found significant differences in the richness of
Haemoproteus lineages between habitats only in 2014, being rural habitats richer
than urban and natural ones. In addition, marginal differences in the
Leucocytozoon lineage richness between years were only found in rural habitats.
Our results show that the differences in lineage richness were mainly driven by
changes in rural localities from 2013 to 2014. Specifically, there is a rural locality
without Haemoproteus nor Leucocytozoon infections in 2013, which presents low
prevalence in 2014 by at least two Haemoproteus and three Leucocytozoon
lineages (Fig. 5). This pattern may be the result of an increase in Haemoproteus
and Leucocytozoon vector abundance (biting midges and black flies) in this rural
locality favouring the circulation of both genera in the area during 2014. In
addition, the richness of parasite lineages infecting birds is potentially
determined by the host community in the area, which may influence the range of
circulating parasites able to infect a target host species (Ellis et al., 2020; Ferraguti
et al., 2018; Lachish et al., 2013; Ricklefs et al., 2005, 2004; Sehgal, 2010; Wood
et al., 2007). The composition and relative density of species in a bird community
are highly influenced by landscape alterations and anthropogenic provision of
food influences the size, structure and composition of bird populations (Clark et
al., 2018; Evans et al., 2009b; Shochat et al., 2006). Besides, although variable
between parasite lineages and species, parasite can cover different host ranges.

Plasmodium are considered generalist parasites compared with Haemoproteus or
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Leucocytozoon, which tend to be found in more specialized range of avian species
(Beadell et al., 2006; Bensch et al., 2009; Clark et al., 2018, 2014; Hellgren et al.,
2008; Valkitinas, 2005). For this reason, we cannot exclude the possibility that the
changes in lineage richness could reflect differences in host community
composition, or the circulation of lineages previously absent in the locality.
Nevertheless, analyses on the specific lineages found in birds from different
habitats support that parasite linages were homogeneously distributed among
and between habitats, so no particular associations between lineages and habitat

types were observed.

Conclusions

To sum up, our results support the effects of anthropogenic alterations of the
landscape on the prevalence and lineage richness of two avian haemosporidian
genera, Haemoproteus and Leucocytozoon, and their temporal variation
dynamics through two consecutive years. The different patterns found for each
parasite genera highlight the importance of evaluating specific parasite-host-
vector systems separately, as their response could differ between genera even
under the same scenarios. Moreover, longitudinal studies on the patterns of
infections in birds from different habitats are essential to identify their temporal
variation. This is especially the case of areas highly influenced by human activities
which may determine, directly or indirectly, the community composition of both
vectors and hosts populations as well as the health status of birds in these areas.
Our results suggest that changes in the community of insect vectors, driven both
by the availability of reproductive areas and climate conditions, may highly
influence the dynamics of parasite prevalence and lineage richness in the host
populations. Besides, our results bring out the importance of considering not only
areas with different degrees of anthropization, including cities or towns of
different sizes, but also areas where humans develop a variety of activities (i.e.,

farming).
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Table S2. Number of juvenile house sparrows found infected by each lineage (N)
of Plasmodium”®, Haemoproteus™ and Leucocytozoon. Lineages were named
according to MalAvi.

A)  Plasmodium lineage Morphospecies GenBank accession N
DELURB4 Plasmodium sp. EU154346 3
COLL1 Plasmodium sp. AYB831747 51
CXPIP23 Plasmodium sp. JF411405 1
PADOM38 Plasmodium sp. MW 264845 1
PADOMO1 Plasmodium sp. 0Q058611 23
PADOM30 Plasmodium sp. KX438373 1
PADOM27 Plasmaodium sp. KX438375 1
PADOMZ29 Flasmodium sp. KX438378 1
PAGRIOZ2 Plasmodium sp. JX196865 3
GRW11 Plasmodium relictum AY831748 46
PADOMOZ Flasmodium sp. 0Q058612 15
5G51 Plasmaodium relictum AF495571 326
SYAT24 Plasmodium sp. AYB831749 1
B) Haemoproteus lineage Morphospecies GenBank accession N
PADOMOS Haemoproteus passeris HM 146898 189
PADOMZ22 Haemoproteus sp. GU0G5650 14
PADOMZ23 Hoemoproteus sp. HQ262950 28
PAHIS1 Haoemoproteus sp. GU065651 3
C) Leucocytozeon lineage Morphospecies GenBank accession N
AFR161 Leucocytozoon sp. KMO56480 1
SYCONO& Leucocytozoon sp. KPE88305 65
CIAEQ2Z Leucocytozoon sp. EFB07287 2
SYCONO3 Leucocytozaon sp. KPG88301 3
RECOB3 Leucocytozaon sp. 0DQ847221 234
SYBOR23 Leucacytozaon sp. Kl438e54 7

* Due to the low quality of the sequences or coinfections, 10 birds infected by Plasmadium

and 2 birds infected by Haemoproteus were not identified to the lineage level.
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Graphical abstract

BODY MASS

Highlights:
e The joint effect of urbanization and parasite infection on birds was

investigated.

e 45 populations of house sparrow from Spain in an urbanization gradient

were studied.

e Bird body mass decreased along the urbanization level, especially in

urban areas.

e Plasmodium and Haemoproteus infections were positively associated

with body mass.

e Selective mortality may explain the higher body mass of urban infected

birds.

Keywords: avian malaria parasites, body mass, house sparrows, Passer

domesticus, synergic effects, yearlings.
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Abstract

Human landscape transformation, especially urbanization, strongly affects
ecosystems worldwide. Both urban stressors and parasites have negative effects
on organism health, however the potential synergy between those factors has
been poorly investigated. We analysed the body condition (i.e. body mass after
controlling for wing chord) of 2,043 house sparrows (adults and yearlings)
captured in 45 localities along an urbanization gradient in relation to Plasmodium,
Haemoproteus and Leucocytozoon infection status. Body condition was
negatively related to urbanization level and to urbanized land coverage but only
in yearling birds from urban habitats. In addition, bird body condition tended to
increase in rural habitats, significantly in the case of yearlings. Infected individuals
by Plasmodium or Haemoproteus had higher body condition than un-infected
birds, but this pattern could be due to a selective disappearance of infected
individuals with lower body condition as suggested by the reduced variance in
body condition in infected birds in urban habitats. These results provide support
for a negative impact of urbanization on bird body condition, while Plasmodium
and Haemoproteus may exert selection against individuals with lower body
condition living in urban habitats, especially during earlier life stages, underlining

the synergistic effects that urbanization and parasites may have on wild birds.
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Introduction

The urbanization process implies important landscape transformation and
environmental impacts that widely exceed the geographic limits of cities (Bradley
and Altizer, 2007; Grimm et al., 2000). Urbanization is usually associated with a
general loss of biodiversity (Seress and Liker, 2015) creating altered environments
where only a reduced number of species are capable to survive (Mckinney, 2002;
Sol et al., 2014). Most avian species have a low tolerance to urbanization suffering
important costs in body size and condition (Liker et al., 2008). Survival, infection
levels, oxidative status, stress levels and colouration are common animal life-
history traits affected by urbanization (Sepp et al., 2018).

Different factors may explain the impact of urbanization on wildlife
populations. For instance, food resources provided by humans in urban habitats
are rich in carbohydrates and fats, and poor in protein content compared to
natural food (Heiss et al., 2009; Meyrier et al., 2017) which may compromise
avian reproductive success (Chamberlain et al., 2009; Pollock et al., 2017;
Sumasgutner et al., 2014). This can affect population demography (Salleh Hudin
et al., 2016) even for omnivorous species able to feed on human waste (Meyrier
et al., 2017). Furthermore, urban habitats are polluted with toxic chemicals such
as heavy metal particles, gases and other substances (Herrera-Duefias et al.,
2014). These urban pollutants cause oxidative damage as well as long and short-
term stress imposing deleterious effects on wild bird populations (Bauerova et
al., 2017; Herrera-Duenas et al., 2014; Isaksson, 2015; Salmén et al.,, 2016;
Watson et al.,, 2017). Birds from urban populations have a higher telomere
shortening rate and higher expression of genes related to immune, inflammatory
and oxidative stress responses than individuals living in rural populations (Salmén
et al., 2016; Watson et al., 2017). Additionally, Bailly et al. (2016) experimentally
demonstrated that the activation of constitutive immunity was more costly in
urban great tits (Parus major), as confirmed by a decrease in haptoglobin

production and a loss of body mass.
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However, other species are capable of thriving in such urban environments
reaching high abundances in these areas (Meyrier et al., 2017; Seress and Liker,
2015). The potential benefits provided by urban habitats include milder climate
(Saaroni et al., 2000), higher predictability of food and water (Fokidis et al., 2008)
and higher availability of nesting sites through nest boxes or buildings
(Sumasgutner et al., 2014). Overall, these factors can improve the health status
and survival of birds (Chamberlain et al., 2009; Dulisz et al., 2016), or at least
buffer the negative impact of urbanization (Sumasgutner et al., 2014). Thus,
urban habitats could represent ecological traps for wildlife due to mismatches
between animal perception of attractive urban features and the cost imposed on
fitness (Meyrier et al., 2017; Pollock et al., 2017; Sumasgutner et al., 2014).
Therefore, it is essential to identify the factors affecting urban wildlife and
determine their consequences for individuals living in these habitats (Seress and
Liker, 2015).

Urbanization may influence pathogen epidemiology and host susceptibility
to infectious diseases (Bradley and Altizer, 2007). Although the effects of urban
areas may differ when the host-parasite assemblage is considered (Delgado-V.
and French, 2012), landscape disturbance is expected to affect the dynamics of
vector-borne parasites (Calegaro-Marques and Amato, 2014; Ferraguti et al.,
2018). However, analyses of the urbanization effect on the prevalence and impact
of pathogen infections have provided contradictory results. While the severity of
infections by Plasmodium, poxvirus and coccidians in birds increased with
urbanization (Bichet et al., 2013; Giraudeau et al., 2014), a decrease was found
for the case of infection by different blood parasites (Fokidis et al. 2008; Geue
and Partecke 2008).

The avian malaria parasites of the genus Plasmodium and the related
genera Haemoproteus and Leucocytozoon, are common vector-borne parasites
infecting birds (Atkinson and Van Riper Ill, 1991; Valkitinas, 2004). Experimental
and correlative studies have provided support for the impact of blood parasite

infections on bird health (Valkilinas et al., 2006), reproductive success (Marzal et
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al., 2005; Merino et al., 2000), susceptibility to predation (Garcia-Longoria et al.,
2015; Mgller and Nielsen, 2007) and life expectance (Martinez-de la Puente et al.,
2010; Marzal et al., 2008). Immune responses to fight off infections by blood
parasites are costly, with only those individuals in better body condition being
able to develop more effective responses (Navarro et al., 2003). A diet of bad
quality or quantity, as may be the case in birds living in urban habitats, may
increase host susceptibility to infectious diseases (Cornet et al., 2014).

Here, we assess the impact of both urbanization and blood parasite
infection on the body condition (i.e. body mass after controlling for wing chord)
of wild house sparrows (Passer domesticus) through an urbanization gradient in
southern Spain. We sampled birds in habitats with different landscape use, from
urban habitats to rural and natural environments. We selected house sparrows
as the model species because this bird is ubiquitous, sedentary and abundant
throughout most of their distribution range, especially when linked to human
settlements (S&tre et al., 2012; Seress and Liker, 2015). House sparrows are also
found in natural habitats although this species usually occurs within or nearby
human constructions, being uncommon in forest habitats, scrublands and
wetlands (Bichet et al., 2014; BirdLife International, 2017). This species is
considered the best example of an urban exploiter (Meillére et al., 2015), even
though it is currently undergoing consistent population decline across Europe (De
Laet and Summers-Smith, 2007). House sparrows are commonly infected by
haemosporidian parasites (Bichet et al., 2013), and at least 49 different genetic
lineages of Plasmodium, Haemoproteus and Leucocytozoon have been recorded
in this species (according to MalAvi, accessed 24 September 2018, Bensch,
Hellgren, & Pérez-Tris, 2009). Thus, this species represents a suitable study model
to assess the impact of urbanization and parasite infection on individual traits
(Liker et al., 2008). Based on previous studies on passerines (Isaksson, 2015; Sepp

et al.,, 2018), we predict a negative impact of urban environments on house
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sparrow body condition, particularly in those individuals infected by avian

haemosporidians.

Material and methods

Study area and bird sampling
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Figure 1. Distribution of the 45 sampling sites (localities) grouped in 15 triplets
of urban (blue triangle), rural (yellow square) and natural (green point) habitats

from southern Spain.

Field work was conducted at 45 localities in the provinces of Cadiz (n=15), Huelva
(n=15) and Seville (n=15), southern Spain (Fig.1). These localities were
geographically grouped into triplets formed by one urban (with a high human
population density), one rural (with a high density of livestock) and one natural
habitat (a better conserved region where wildlife predominated in comparison to

livestock and human populations). Human density (people/250m?) differed

W



Section 2

between habitats (x*=26.72; d.f.=2; p<0.001) with urban areas being more
densely populated (mean population=187.41) than both rural (mean population=
11.70; Tukey post hoc test; p < 0.001) and natural (mean population= 5.47; p <
0.001) ones. The average distance within localities of the same triplet was
5,739.87 meters (+SD 4,465.12 meters), which minimize the possibility of
individuals moving from one habitat to another. House sparrows have a home
range radius of 1,000 to 2,000 m with less than 10% of individuals dispersing over
2,000 m (Snow and Perrins, 1998; Summers-Smith, 1963, 1956).

Wild house sparrows were sampled in these localities from July to October
2013 by three teams of specialized ringers. Birds were captured using mist-nets
and a bird call playback recorded, which was used every single time to minimize
potential bias in bird sampling (Figuerola and Gustamante, 1995). Each bird was
ringed with a numbered metal ring, and its age and sex were determined when
possible, according to their plumage characteristics and skull ossification
(Svensson, 2009). Birds were identified as yearlings (birds younger than one year,
Euring code 3) or adults (birds older than one year, Euring code 4). Those birds
identified as unknown age (Euring code 2) were excluded from the analyses
(N=271 in this study). Body mass of each bird was measured with an electric
balance (to the nearest 0.1 g) and wing chord was measured with a metal ruler
(to the nearest 1 mm) by the same ringer in each tripled of the same province.
Both, wing chord (r = 99.93) and body mass (r = 99.99) were highly repeatable
measurements between observers as estimated from 12 individuals measured.
Finally, a blood sample was obtained from the jugular vein using a sterile syringe,
never exceeding 1% of the body mass. Blood samples were transferred to
Eppendorf tubes and preserved in cold-boxes during the field work. In the
laboratory, the samples were kept at 42C up to 24 hours and subsequently
centrifuged for 10 minutes at 1,700 g (4,000 rpm) to separate serum and cellular

fractions, which were frozen at -80 or -202C, respectively.
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Molecular analyses

Genomic DNA was extracted from the blood cellular fraction using Maxwell®16
LEV System Research (Promega, Madison, WI) (Gutiérrez-Lépez et al., 2015). For
those birds which were not sexed based on morphology (mainly juveniles), bird
DNA was used to molecularly sex birds following Griffiths et al. (1998, 1996). In
addition, the infection status by Plasmodium, Haemoproteus and Leucocytozoon
was assessed following the protocol detailed by Hellgren et al. (2004). PCR of
samples providing negative results (absence of parasite DNA) were repeated to
avoid the occurrence of false negatives (McClintock et al., 2010). Both negative
controls for PCR reactions (at least one per plate) and DNA extraction (one per 15
samples) were included in the analysis. PCR amplifications were resolved in 1.2%
agarose gels and positive samples were sequenced uni-directionally from the 5’
end using the Macrogen sequencing service (Macrogen Inc., Amsterdam, The
Netherlands). Amplicons were sequenced uni-directionally to reduce the cost of
sequencing a large number of amplicons (Dubiec et al., 2016). Sequences were
edited using the software Sequencher™ v 4.9 (Gene Codes Corp. © 1991-2009,
Ann Arbor, Ml 48108, USA) and parasite genera were identified by BLAST
comparison to previously identified sequences deposited in the GenBank

database (National Center for Biotechnology Information).

Landscape characterization

Urbanization scores of the 45 sampling localities were obtained following Czuni
et al. (2012), Seress et al. (2014) and Lipovits et al. (2015) (http://keplab.mik.uni-
pannon.hu/en/urbanization-index). Satellite images taken in 2013 (the year of
bird sampling) were obtained for the 45 localities from Google Maps in ‘.jpeg’
format. Satellite images covered an area of 1 square km around each bird
sampling locality. For each square, the software estimates the proportion of
buildings, vegetation and paved surface coverture, which are then combined in a
Principal Components Analysis (PCA) to obtain an ‘urbanization score’. The

urbanization score ranges from negative values for the case of less urbanized
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areas to higher values for more intensely urbanized areas. Moreover, to obtain a
more complete estimation of the environmental characteristics of the sampling
localities, the percentage of the total area occupied by agricultural, natural and
urban lands was characterized (see details in Ferraguti et al. (2016)). To do that,
we used the cartography from the study area
(http://www.juntadeandalucia.es/institutodeestadisticaycartografia/DERA/)

considering a 2,000 meter radius buffer around the bird sampling sites, covering
approximately the range of dispersal of adult house sparrows (Snow and Perrins,
1998). Spatial analyses and zonal statistical tools for raster files and the
geoprocessing intersect tool for vector variables were used with the software
ArcGis v10.2.1 (ESRI, Redlnad). The land surface covered by forests were not
considered in our analyses as house sparrows are commonly absent or very
uncommon in most of these habitats (Anderson, 2006). Finally, human
population density was estimated as the number of people living in a grid of 250
x 250 meters according to the data registered on 1t January 2013 by the Institute

of Statistics and Cartography of Andalusia.

Statistical analyses

Statistical analyses were conducted using Linear Mixed-Effects Models (LMM) in
R (v, 3.5.1.; R Foundation for Statistical Computing 2018) using the packages:
MASS, car, lattice, Matrix, Rcpp, Ime4, MuMIn, arm, stats, multcomp, ggplot2,
nlme and scales (Crawley, 2007). Dependent and independent variables and the
residuals of the models were checked for normality with qq plots. Also, we
checked for collinearity in independent variables by calculating their Variance
Inflation Factor (VIF) in all models, not including the variables with VIF values
higher than 5 (Zuur et al., 2010). Human population density was log transformed,
the land use variables were log ratio transformed to normalize their distributions
(Aitchison, 1986). In addition, the urbanization index was re-scaled to avoid any

negative values. Tukey’s test was used for Post-hoc comparisons. The best final
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model selection was based on Akaike’s Information Criterion (AIC), and
parameters were estimated by model averaging of all models with AIC < 2, which
were considered to be similarly supported by the data (Symonds and Moussalli,
2011).

Two sets of analyses were performed. First, we fitted a general model
including body mass as the dependent variable. Date and hour of capture, wing
chord and urbanization indexes (both linear and quadratic terms) were used as
independent continuous variables and bird age, bird sex, bird infection status by
Haemoproteus, Plasmodium and Leucocytozoon and habitat
(urban/rural/natural) as categorical factors. Locality nested by triplet and triplet
nested by province were included as random factors in the analyses (Appendix A,
Table A.1.).

Second, due to the differences found in the bird body condition with
respect to the urbanization index (see section 3.2.), further analyses were
conducted separately for birds from each habitat category (urban/rural/natural).
Thus, three models were fitted including body mass as the dependent variable.
Date and hour of capture, wing chord, percentage of area covered by urban, crop
and natural lands as well as human density were incorporated as independent
continuous variables; and bird age, bird sex, bird infection status by
Haemoproteus, Plasmodium and Leucocytozoon were included as independent
categorical factors. Locality nested by province were considered as a random
factor (Appendix A, Table A.2.).

Due to the significance of bird age (see results), each analysis was carried
out separately including: 1) both adults and yearlings, 2) only adults or 3) only
yearlings. The variance explained by these models was calculated using both the
marginal R? (proportion of variance explained only by the fixed factors) and the
conditional R? (proportion of variance considering both fixed and random factors)
following Nakagawa and Schielzeth (2013). Finally, variances in body mass from
urban birds of all ages were compared between infected and not infected

individuals using Bartlett test (Crawley, 2007).
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Results

Prevalence of blood parasites

Overall, 59% of the 2,043 individuals analysed for this study were infected by at
least one parasite genus. The prevalence of Plasmodium (29%) and
Leucocytozoon (30%) parasites were similar and higher than the prevalence of
Haemoproteus (16%). We found a mean prevalence of infection of 52%, 60% and
67% in urban, rural and natural habitats, respectively. The highest prevalence of
infection by Plasmodium parasites was found in rural habitats (33%), followed by
natural (30%) and urban (25%) habitats. For the case of Leucocytozoon parasites,
the highest prevalence was found in natural habitats (36%) followed by urban
(31%) and rural habitats (25%). Finally, Haemoproteus parasites were more
prevalent in natural habitats (22%), followed by rural (16%) and urban habitats
(12%). However, the prevalence of the three blood parasite genera did not differ
statistically between habitat categories (data not shown). See further information

in Appendix B, Table B.1 and Appendix C, Table C.1.

Bird body condition and habitat categories

Older birds showed a higher body condition (Table 1). Considering all age
categories, bird body condition was negatively associated with the urbanization
index and tended but not significantly to be higher in rural habitats compared
with urban ones (Table 1). However, both the urbanization index variable and the
habitat categories reflect very similar information, the first one as a continuous
variable and the second one as categories. Consequently, when urbanization
index (and its quadratic) are removed from the model, the statistical significance
of habitat increases (y?=7.45, d.f.=2, p=0.02) and post-hoc test confirms that birds
from rural habitats had a higher body condition than those from urban habitats
(Rural-Urban: est=0.58, z=2.84, p=0.01), while body condition did not differ
between birds from rural and natural habitats (Rural-Natural: est=0.16, z=0.77,

p=0.72) and between birds from natural and urban habitats (Natural-Urban:
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est=0.42, z=1.95, p=0.13). Bird body condition was positively related with the
prevalence of infection by Plasmodium or Haemoproteus parasites after
controlling for the significant effect of wing chord, bird age, date and time of

capture (Table 1).

Table 1. Results of the LMMs on the effect of urbanization on the bird body
condition including the three habitat categories and all ages (N=2,043). Body
mass was included in the analysis as a dependent variable. Estimate (est), zand p
values from the models are shown. Significant associations (p<0.05) are shown in
bold. Conditional and marginal (in brackets) R? values are shown.

Independent variables est z p
{Intercept) 25.51 143.19 <0.001
Wing chord 1.35 20.05 <0.001
Age (Adulis) 0.90 8.66 <0.001
Sex (Female) -0.09 1.01 0.32
Date of capture 0.90 8.20 <0.001
Time of capture 131 12.02 <0.001
Urbanization index| -10.84 2.67 0.008
Quadratic urbanization index -1.52 0.45 0.66
Natural habitat 0.28 0.92 0.35
Rural habitat 0.47 1.79 0.07
Haemoproteus infection status (Infected) 0.40 3.09 0.002
Plasmodium infection status (Infected) 0.24 2.50 0.012
Leucocytozoon infection status (Infected) -0.05 0.54 0.59
RZ 0.41 (0.37)

The body condition of yearlings was negatively related to urbanization and
was significantly higher in rural habitats compared with urban ones. Also tended,
but not significantly, to be higher in natural compared with urban habitats.
Yearling birds body condition was likewise higher for individuals infected by
Plasmodium or Haemoproteus after controlling for the significant effect of wing

chord, date and time of capture (Table 2). Body condition of adult birds was
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negatively associated to the urbanization index, while no relationship was found
in relation to haemosporidians infection after controlling for the significant effect

of wing chord, date and time of capture (Table 2).

Table 2. Results of the LMMs on the effect of urbanization on the bird body
condition including the three habitat categories in adults (N=542) and yearlings
(N=1,501). Body mass was included in the analysis as a dependent variable. Only
estimate (est), zand p values from the independent variables included in the final
models are shown. Significant associations (p<0.05) are shown in bold.
Conditional and marginal (in brackets) R? values are shown.

Adults Yearlings

Independent variables| est z ] est z ]
(Intercept)| 26.47 244,51 <0.001| 25.24 134.28 <0.001
Wing chord| 1.32 7.26 <0.001 2.03 18.77 <0.001
Sex (Female) | -0.22 1.20 0.23 -0.08 0.83 0.41
Date of capture| 0.84 4,65 <0.001 0.28 7.00 <0.001
Time of capture| 1.33 7.69  <0.001 1.31 9.81 <0.001
Urbanization index| -7.33 2.99 0.003 | -9.56 2.77 0.006
Quadratic urbanization index| -1.15 0.50 0.62 -1.94 0.60 0.55
Natural habitat 0.41 1.80 0.07
Rural habitat 0.57 2.68 0.007
Haemaproteus infection status (Infected) | -0.09 0.46 0.65 0.69 4.31 <0.001
Plasmodium infection status (Infected) | -0.10 0.56 0.57 0.36 3.35 <0.001
Leucocytozoon infection status (Infected)| -0.17 1.04 0.30 0.07 0.60 0.55

R? 0.30(0.26) 0.43 (0.39)

Independent models considering the local landscape characteristics were
fitted for each of the three habitats. In urban habitats bird body condition
decreased with the area covered by urbanized lands and in rural habitats it
appears as a tendency (Table 3). Significant associations between bird body
condition and parasite infection status were only found in birds from urban
habitats where Plasmodium and Haemoproteus infected birds showed a higher
body condition than uninfected ones (Table 3). Body condition of birds from rural
and natural areas was not related significantly to any of the land cover or infection

status variables (Table 3).
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Section 2

Bird body condition decreased with the area covered by urbanized lands
and increase with the infection of Haemoproteus or Plasmodium in yearling birds
from urban habitats (Table 4). Similarly, in urban adult birds, a negative
association was found between the area covered by urbanized land and bird body
condition, but body condition was unrelated to the infection by any
haemosporidian (Table 4). Body condition of adults and yearlings from rural and
natural habitats was not related to land cover variables nor haemosporidian
infection status (Appendix D, table D.1. and table D.2.).

Finally, although Plasmodium and Haemoproteus infected birds from urban
habitats showed a higher body condition, birds infected by Plasmodium had a
lower variance in body mass than uninfected individuals (Fig. 2; Bartlett test,
Plasmodium: all ages, k?=7.51, p=0.006; Haemoproteus: all ages, K*=2.93,
p=0.09). This lower variance was confirmed when analysed yearling birds
(Plasmodium, K*=4.92, p=0.026; Haemoproteus, k*=1.02, p=0.31) but not for
adult birds (Plasmodium, K*=0.05, p=0.82; Haemoproteus, K*=0.14, p=0.71).
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Figure 2. Boxplots of bird body mass in urban areas with respect to the infection

status by Plasmodium: infected (black) and not infected (grey) birds according to

the age categories (yearlings, adults or both). Boxplots show median values, the

lower (Q1) and upper (Q3) quartile and the range (9-91%).
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Table 4. Results of the LMMs on the effect of habitat uses and infection status on the bird body condition in urban areas. Body
mass was included in the analyses as the dependent variable. Overall, data from adults (N=225) and yearlings (N=510) was
analysed. Only estimate (est), zand p values from the independent variables included in the final models are shown. Significant
associations (p<0.05) are shown in bold. Conditional and marginal (in brackets) R? values of the models are shown.

Section 2

Adults Yearlings
Independent variables est F4 p est z p
(Intercept)| 26.06 225.59 <0.001 24.68 152.28 <0.001
Wing chord 1.06 3.67 <0.001 2.68 13.74 <0.001
Sex (Female)| -0.54 1.98 0.048 0.10 0.57 0.57 -
Date of capture| 0.33 1.35 0.18 0.92 4.26 <0.001 M_w
Time of capture 1.14 4,73 <0.001 117 5.32 <0.001 3 &
Crops land coverage 0.26 1.08 0.28 0.19 0.56 0.57 E‘K :
Urbanized land coverage -0.76 3.13 0.002 -0.77 2.14 0.032
Natural land coverage -0.15 0.47 0.64
Population density 0.16 0.53 0.60
Haemoprofeus infection status (Infected) -0.18 0.57 0.57 1.29 3.97 <0.001
Plasmodium infection status (Infected) 0.21 0.82 0.41 0. 68 3.21 0.001
Leucocyfozoon infection status (Infected) -0.14 0.57 0.57 0.07 0.36 0.72
R? 0.25 (0.25) 0.52 (0.49)
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Discussion

Results from this study provide strong evidence supporting the impact of human
land-use transformation on the body condition of wild birds. Although the use of
bird body mass as a measure of bird body condition has been debated, this
variable is easy to measure, repeatable and allow to describe energy and nutrient
reserves (Labocha and Hayes, 2012). Different methods have been proposed to
control for or remove the effects of individual size on body mass (i.e. Bokony et
al., 2012; Peig and Green, 2009), and in this study we have done so by including
individual size (wing chord) as a covariate on the analyses with body mass as
dependent variable as recommended by Garcia-Berthou (2001). After controlling
for the effect of wing chord and other variables potentially affecting body mass
(i.e. age, sex, date and hour of capture) we obtained a simplistic body condition
index as previously used in studies on the effect of urbanization on bird
populations (Liker et al., 2008). Using this approach, we found that birds from
urban habitats had lower body condition than rural birds. Additionally, extend of
urbanization was negatively related to bird body condition in urban habitats.
However, it was surprising that yearlings infected by Plasmodium or
Haemoproteus parasites in urban areas had a higher body condition than

uninfected individuals.

Effect of landscape on bird body condition

When comparing birds from habitats with different characteristics, urbanization
score was negatively related to the body condition of house sparrows. In the
urban habitats, the surface covered by urbanized areas was negatively linked with
bird body condition. Similar conclusions were also found by Békony et al. (2012)
and Liker et al. (2008) who reported a negative association between urbanization
and the body mass of house sparrows (but see Meillére et al. (2016)). Different
reasons may explain these results. Urban stressors like chemical pollutants affect
bird health (Isaksson, 2015) potentially decreasing the body condition of both

adult (Dulisz et al., 2016; but see Salmdn et al., 2018) and nestling birds (Salmén
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et al., 2016), as shown in this study. Also, birds exposed to air pollution in cities
may upregulate the antioxidant machinery (Herrera-Duefias et al., 2014; Salmdn
et al., 2018) and trace element contamination may increase the stress response
in birds (Meillere et al., 2016). Urban stressors including chemical, noise, artificial
light pollution, diseases and diet may increase the oxidative stress of organisms
and their responses against these stressors to maintain homeostasis (e.g.
synthesis of HSPs) are energetically costly (Chavez-Zichinelli et al. 2010; Isaksson
2015), finally reducing the body condition of individuals from urban habitats.

The low concentrations of essential nutrients found in urban food
resources (Heiss et al., 2009; Meyrier et al., 2017), may negatively affect the
health status of wild birds (Dulisz et al., 2016). Thus, both urban pollution and
dietary differences could explain our results (see Salmdn et al. (2016)). However,
urban habitats offer more abundant and seasonally stable food sources (Shochat
et al.,, 2006). Under this scenario, birds do not need to accumulate energy
reserves in their bodies (Salleh Hudin et al., 2016). Thus, we cannot rule out the
alternative that birds from urban habitats had a lower body condition because of
a higher food predictability in these habitats. Nevertheless, food is as well
predictable in rural habitats where birds may feed on food resources provided to
farm animals and we found that birds from rural habitats had higher body
condition than those from urban habitats, especially during the earliest stages of
life. Liker et al., (2008) found similar differences between urban and rural bird
body mass that remained during an experiment with ad libitum access to food,
supporting our results. These authors suggested that these differences in body
condition could originate during nestling development.

The availability of high-quality food for house sparrows (e.g. food storage
or feeders used by livestock) in rural habitats can explain the higher body
condition of birds from this habitat (Salleh Hudin et al., 2016). Historically, the
expansion of house sparrows was favoured by an increased amount of food

available at human agricultural settlements (S&tre et al., 2012). Cropland species,
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such as house sparrows, reach higher richness in borders surrounding natural
areas and are more dependent on the abundance of crops and on landscape

diversity (Pino et al., 2000).

Effects of parasitism on bird body condition

Host-parasite interactions may vary with habitat urbanization (Delgado-V. and
French, 2012). Environmental factors that affect bird community abundance and
composition, may also affect vector development and abundance (Ferraguti et
al.,, 2016), which in last term may determine the differences found between
habitats in the prevalence and risk of infection of parasites (Lachish et al., 2013).
The effects of parasite infections on vertebrate hosts may be modulated by the
environmental conditions where they occur. The degree of virulence of avian
Haemosporidians have been largely discussed with studies reporting positive
(Bichet et al., 2013), negative (Martinez-de la Puente et al., 2010; Marzal et al.,
2008, 2005; Merino et al., 2000) or even non-significant (Carrete et al., 2009)
associations between parasite infection status and the body condition of wild
birds.

We found a positive relationship between Plasmodium and Haemoproteus
infections and bird body condition, which was only significant in yearling birds
from urban habitats. These unexpected results could be explained by a
differential mortality rate of infected birds with respect to uninfected ones. If only
infected birds showing a better body condition were able to face and survive
parasite infections (Houston et al., 2007; Moreno-Rueda, 2011; Navarro et al.,
2003), it is possible that infected individuals showed a higher body condition than
uninfected birds (Sorci, 2013). Moreover, the mortality cost of malaria infections
occurs during a short stage of high parasitaemia, and after such period surviving
individuals harbour chronic infections with lower fitness costs (Bensch et al.,
2007; Valkilinas, 2004, but see Asghar et al., 2015; Martinez-de la Puente et al.,
2010). Thus, yearling birds who probably get infected right after or during nestling

time when they are immunologically naive (Merino, 2010), may suffer a higher
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impact of parasite infections than adults. Which may explain that in this study,
we found differences in body mass in relation to infection status only in yearlings.

Moreover, Fokidis et al., (2008) found that a higher energetic cost was
associated to immunological responses against infections in urban birds, rather
than in birds from rural environments. This costly immunity activation caused a
decrease in haptoglobin production and a loss of body condition (Bailly et al.,
2016). The higher expression of immunoregulatory genes found in urban habitats
with respect to those from natural environments may also explain the higher
body condition of infected vs uninfected birds in urban habitats (Watson et al.,

2017).

Conclusions

Our results support the adverse effects of urbanization on bird body condition,
although local scale habitat characteristics and the infection status by
Haemosporidian parasites, may modulate these relationships. Therefore, birds in
urban habitats may suffer, among other potential factors, the synergistic effects
of pollution, bad quality diet, and parasite infections, especially during the
earliest stages of life. Also, our results suggest that in urban habitats, only those
individuals showing a higher body condition were able to survive to parasite

infection while dealing with these other adverse factors.
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Supplementary material

Appendix A

Table A.1. Dependent (a), independent variables (b) and random factors (c) included in the LMMs global model.

VARIABLE NAME

VARIABLE DESCRIPTION

a) Body mass | Bird body mass {gr)
b) Wing chord | Bird wing length (mm)
Age | Bird age classified as yearling (born the same year, 3) or adult (> 1 year old, 4)
Sex | Bird sex, male (1) or female (2}
Date of capture | Day of capture {1% January = 1)
Hour of capture | Hour of capture {(00:00 = 0; 23:59 =(0.99)
Urbanization index | Degree of urbanization at the sampling area estimated from google maps images
Quadratic urbanization index | Quadratic of urbanization index
Habitat | Habitat category (urban, rural or natural)
Haemoproteus infection status | Infection status by Haemoproteus (infected (1) or uninfected (0})
Plasmaodium infection status | Infection status by Plasmodium (infected (1) or uninfected (0})
Leucocytozoon infection status | Infection status by Leucocyiozoon {infected (1) or uninfected (0})
c) Province | Geographical province where the sample point belongs to
Triplet | Trio of geographically close localities/sample point with different habitat categories
Locality | Sample point
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Section 2

Appendix B

Table B.1. Mean % S.E. for the independent and dependent variables analysed in this study.

03 < |o = o
c 3 3% 32 @ |5
g y e | S, | 8| Bo | Bs | 85| S5 |82 |55
g 3 E | 835 |o| 82| ER | 88| 3¢ [88z(%%=
s = 5 £ | 52| o5 =5 &3 85 |g982(8z:2
e F T s | | P2 | ¥ | €8s | as |88 |E2T
o a © s © 2@ 3 > g2 |38 (g2
5 s £5| %5 |45 |8
Uban | 4.020 | 46 | 75.83 | 2681 | 000 | 26.09 | 3261 | 47.83
Chipiona | Rural | 1653 | 23 | 77.08 | 2697 | 435 | 26.00 | 56.52 | 60.87
Natural | 0.035 | 14 | 77.39 | 26.18 | o000 | e4.20 | 2857 | 7857
Uban | 3.088 | 4 | 7387 | 27.97 | 000 | 2500 | 50.00 | 75.00
Jerez Rural | -1.986 | 33 | 77.54 | 2767 | 606 | 3030 | 24.24 | 5455
Natural | -1.821 | 51 | 7631 | 2611 | 980 | 5098 | 31.37 | 7050
oo | Uan | 2089 [T11 [ 77413 172463 [ 000 | 909 | 909 | 1818
. uerto ae
Cadiz | g oimoe | Rural | 1643 | 50 | 7582 | 27.36 | 6.00 | 10.00 | 4.00 | 20.00
Natural | 0170 | 4 | 7287 | 2747 | 000 | 000 | 000 | 0.00
Uban | 0.701 | 22 | 77.14 | 27.92 | 455 | 3182 | 50.00 | 63.64
Rota Rural | -2.070 | 41 | 7511 | 2560 | 488 | 17.07 | 26.83 | 48.78
Natural | -0.921 | 28 | 7832 | 26.05 | 357 | 17.86 | 1071 | 25.00
cort Uban | 5224 | 16 | 7569 | 2652 | 625 | 18.75 | 0.00 | 25.00
aniucar
aoatte® | Rural | 1013 | 46 | 7537 | 2646 | 000 | 3696 | 0.00 | 36.96
Natural | -1.394 | 5 | 7820 | 28.36 | 2000 | 60.00 | 40.00 | 80.00
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Table B.1.(cont.) U.l. : Urbanization index; S.S.: Sample size ; W.C. : Wing chord ; B.M. : Body mass ; H.P.: Haemoproteus
prevalence (%) ; P.P. : Plasmodium prevalence (%) ; L.P. : Leucocytozoon prevalence (%) ; H.P. : Haemosporidian prevalence (%).

Province Triplet Habitat U.l. S.8.| WC. B.M. H.P. P.P. L.P. H.P.
Urban | 0516 | 69 | 7488 | 2408 | 145 | 435 | 11.59 | 17.39

Carfiada Rural | -2130 | 23 | 7587 | 25.81 | 2174 | 5652 | 13.04 | 78.26

Natural | -1.051 | 93 | 7455 | 2467 | 2796 | 1720 | 1613 | 5054

Urban | 2216 | 18 | 76.83 | 2559 | 2222 | 1667 | 66.67 | 83.33

Guadaira | Rural | 2768 | 20 | 7562 | 2471 | 1500 | 5000 | 25.00 | 80.00

Natural | -2.885 | 63 | 75.76 | 2473 | 635 | 1905 | 46.03 | 58.73

Urban | 0221 | 22 | 7559 | 2577 | 455 | 5455 | 6364 | 90.91

Sevila | Lantejuela | Rural | 1874 | 38 | 7472 | 2454 | 526 | 3158 | 6053 | 7368
Natural | 2235 | 49 | 7559 | 2577 | 642 | 4082 | 4490 | 7143

Urban | 5214 | 4 | 7462 | 2485 | 0.00 | 000 | 25.00 | 25.00

Sevilla Rural | -0.888 | 33 | 7420 | 2426 | 303 | 2727 | 4545 | e3.64

Natural | 0411 | o | 7547 | 2481 | 1111 | 11141 | 4444 | es67

Urban | 1552 | 80 | 7408 | 2420 | 0.00 | 625 | 125 | 7.50

,mw_w:w Rural | -0.778 | 47 | 7505 | 2562 | 426 | 4043 | 851 | 48.94

Natural | -1.415 | 23 | 7424 | 2419 | 435 | 6087 | 0.00 | 6522
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Appendix C

Table C.1. Prevalence (%) of infection by each blood parasite genera
(Plasmodium, Haemoproteus and Leucocytozoon) and infection status
(Haemosporidians) per habitat (urban, rural and natural) and category age (3:
yearling; 4: adult > 1 year old; All: all ages).

Plasmodium Haemoproteus
3 4 All 3 4 All
Urban| 23.14 2889 2490 | 8.63 19.56 11.97
Rural| 36.69 20.00 32.50 | 11.55 28.89 15.90
Natural| 31.50 26.28 30.29 | 18.06 35.04 22.00

Total| 30.51 25.28 29.12 | 12.52 26.57 16.25

Leucocytozoon Haemosparidians
3 4 All 3 4 All
Urban| 24.12 45.78 30.75 | 45.88 65.78 51.97
Rural| 17.50 46.67 24.83 | 57.91 66.67 60.11
Natural| 29.07 56.93 3553 | 62.56 81.02 66.84
Total| 23.25 48.89 30.05 | 55.23 69.93 59.13

! lllﬁ,}i"

.|



Section 2

Appendix D

Table D.1. Results of the LMMs on the effect of urbanization on bird body condition in rural habitats for
adults (N=180) and yearlings (N=537). Body mass was included in the analysis as a dependent variable.
Estimate (est), z and p values from the models are shown. Significant associations (p<0.05) are shown in
bold. Conditional and marginal (in brackets) R? values of the models are shown.

Adults Yearlings

Independent variables| est z P est z p

(Intercept)| 27.05 184.70 <0.001| 25.74 193.51 <0.001
Wing chord| 1.54 5.32 <0.001| 1.51 8.71 <0.001

W
Sex (Female) -0.26 1.59 0.11 HJK
Date of capture| 1.44 4.68 <0.001| 0.85 4,11 <0.001 1\‘&.&_
Time of capture| 1.48 4.86 <0.001| 0.92 4.02 <0.001 v
Crops land coverage -0.25 0.70 0.48

Urbanized land coverage| -0.23  0.99 0.32 -0.50 1.83 0.07

Population density| -0.28  0.87 0.38 | -0.20 0.72 0.47

Hoemoproteus infection status (infected}| -0.51  1.56 0.12 0.36 1.28 0.20
Plasmodium infection status (infected}| -0.26  0.71 0.48 0.19 1.132 0.26
leucocytozoon infection status (infected)| -0.26  0.88 0.38 | -0.13 D.64 0.53

R2 0.30 (0.30) 0.32 (0.28)
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CHAPTER 3

DIFFERENCES IN FATTY ACIDS COMPOSITION BETWEEN
PLASMODIUM INFECTED AND UNINFECTED HOUSE SPARROWS
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Graphical abstract

Plasmodium infected birds Uninfected birds
Fatty acids

Urbanization g'fadient

Highlights:

e Fatty acids were analyzed in birds from habitats along an urbanization

gradient.

e w-3 and w-6 proportion differed between Plasmodium infected and

uninfected birds.

e The w-6/w-3 ratio was lower in Plasmodium infected birds from natural

habitats.

e Fatty acids composition in natural habitats may help birds to fight off

infections.

e The higher concentration of fatty acids in urban birds suggests a fat-rich

diet.

Keywords: Avian malaria; immune responses; Passer domesticus; PUFA; Omega-

6; Omega-3.
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Abstract

Anthropogenic activities such as intensification of agriculture, animal husbandry
and expansion of cities, can negatively impact wildlife through the availability of
high-quality food resources and the influence of pathogen transmission. The
house sparrow (Passer domesticus), a common urban exploiter species, is
undergoing a consistent population decline. Nutritional constrains and infectious
diseases, like avian malaria, has been highlighted as potential causes. Specific
fatty acids (FA) play important roles in physiological processes such as immune
responses and are highly influenced by dietary availability. Previous studies show
pronounced differences in the composition of FA between urban and rural birds.
Similarly, avian malaria epidemiology is affected by urbanization. However, little
attention has been given to the relationship between prevalence of parasites and
host FA composition along landscapes with different degree of anthropization.
Here, we analysed 165 juvenile house sparrows either infected by Plasmodium or
uninfected, captured at 15 localities along an urbanization gradient. Interestingly,
Plasmodium infected birds showed higher relative levels of w-3 PUFAs but lower
of w-6 PUFAs than uninfected birds. In concordance, the w-6/w-3 ratio was also
lower in infected than in uninfected birds, but only from natural habitats. These
results imply that infected birds, especially from natural habitats, have a
potentially beneficial composition of PUFAs for mounting an anti-inflammatory
immune response. The total absolute concentration of circulating FAs was higher
in urban birds than in birds from rural habitats, suggesting that in more
anthropized habitats, birds have a greater availability of fat-rich foods sources.
Overall, these results highlight the importance of studying bird’s physiological
condition alongside with nutritional status to understand population tolerance
towards parasitic infections in landscapes of varying degree of urbanization.
Future studies should establish the causal link between avian malaria prevalence
and FA composition to understand whether infection influences the FA

composition and food preference or vice versa.
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Introduction
The intensification of agriculture, animal husbandry and the expansion of cities,
has changed the environmental conditions around the globe (Bradley and Altizer,
2007; Grimm et al., 2000). These human activities can reduce local biodiversity
and alter interactions between organisms, such as disease transmission (Bradley
and Altizer, 2007; Seress and Liker, 2015; Sol et al., 2014). However, some species
are able to thrive with those anthropogenic environments. Cities can provide
favourable conditions for birds such as milder climate during winter (Saaroni et
al., 2000), higher availability of nesting sites (Sumasgutner et al., 2014), reduced
density of predators (Mgller and Diaz, 2017; but see Dulisz et al., 2016) and higher
predictability of food and water (Fokidis et al., 2008). Nevertheless, urban-
dwelling individuals seem to pay a cost in terms of, among others, reduced body
size and condition, higher oxidative stress, lower reproductive success and
accelerated telomere attrition (Chamberlain et al., 2009; Jiménez-Pefiuela et al.,
2019; Liker et al., 2008; Salmén et al., 2016; Sepp et al., 2018; Sumasgutner et al.,
2014; Watson et al., 2017). The house sparrow (Passer domesticus) is a sedentary
urban exploiter species, that is historically known to thrive in areas with human
activities and settlements, taking advantage of food resources and cavities for
nesting (Hanson et al., 2020; Mckinney, 2002). However, this species is
undergoing a consistent population decline across the whole of Europe, especially
in cities (Anderson, 2007; Hanson et al., 2020; Laet and Summers-Smith, 2007).
Nutritional constrains, intensive animal husbandry and agriculture, pollution,
pesticides and infectious diseases caused by blood parasites, have been
suggested as potential causes for this population decline (Bichet et al., 2013;
Dadam et al.,, 2019; Herrera-Duefias et al., 2017, 2014; Meillere et al., 2017;
Meyrier et al., 2017; Peach et al., 2018; von Post et al., 2012).

Food with an anthropogenic origin (i.e., human waste), is usually rich in
carbohydrates and fats but poor in protein content. If consumed regularly, this

can have negative consequences for the fitness of wild birds (Heiss et al., 2009;
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Mckinney, 2002; Meyrier et al., 2017). For Passeriformes, invertebrates
predominate the diet of chicks, but the lack of suitable prey in anthropized
environments and the consequential substitution by human food may strongly
influence fledgling growth and survival, and thereby, nesting success and
population demography (Anderson, 2007; Peach et al., 2018; Salleh Hudin et al.,
2016). Good quality food allows chicks to grow faster, obtain a higher body
condition and a better immunocompetence (Peach et al., 2018; Seress et al.,
2019; Twining et al., 2016b). Nutrient rich food is especially important during
early life stages to fulfil physiological requirements during development
(Chamberlain et al., 2009; Seress et al., 2019; Twining et al., 2018). The food type
consumed influence the intake of different key substances like fatty acids (FA)
and thereby, their composition in these organisms, especially in the circulatory
system (Finke et al., 2020).

FA are physiological components that play an important role in biological
structures, like phospholipids in cell membranes, and in processes such as
oxidative stress and immune responses (Arnold et al., 2015; Hulbert et al., 2005;
Isaksson et al., 2017). There are three major groups of FAs: (1) saturated fatty
acids (SFAs), (2) monounsaturated fatty acids (MUFAs) and (3) polyunsaturated
fatty acids (PUFAs). These are divided into omega-6 (w-6) and omega-3 (w-3)
PUFAs, with different biological functions each (Hulbert et al., 2005). Recent
studies have shown differences in plasma and yolk FA composition between
urban and rural birds, but most importantly differences are found in the w-6 and
w-3 PUFAs (Andersson et al., 2015; Isaksson et al., 2017; Toledo et al., 2016).
These long-chain PUFAs can modulate both cellular and humoral immune
responses by affecting the production of lymphocytes, heterophils and
splenocytes as well as IgM and IgG antibodies (Alagawany et al., 2019).
Specifically, w-6 PUFAs are metabolized to pro-inflammatory prostaglandins,
while the w-3 PUFAs are metabolized into anti-inflammatory agents, so an
alteration in the w-6/w-3 ratio has been associated with changes in immune

responses and in oxidative stress (Arnold et al., 2015; Chang et al., 2018; Hulbert
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et al., 2005; Simopoulos, 2011). Indeed, under higher exposure to pro-oxidants
caused by internal inflammatory responses or external substances (i.e. urban
pollution), unsaturated fatty acids are prone to oxidation (lipid peroxidation)
which affects their structure and thereby their function (Isaksson et al., 2017;
Pamplona et al., 2002, 2000).

Immune responses are energetically costly, so the capacity of the host to
effectively fight off infections are determined by their current body condition and
nutritional status (Cornet et al., 2014; Delhaye et al., 2018; Navarro et al., 2003).
Avian malaria of the genus Plasmodium are common blood parasites (Atkinson et
al., 1991; ValkiGinas, 2005) with detrimental effects on health and survival of birds
(Martinez-de la Puente et al., 2010; Marzal et al., 2005; Merino et al., 2000). The
infectious dynamics and epidemiology of these parasites has been altered in
anthropized landscapes (Bichet et al., 2013; Bradley and Altizer, 2007; Calegaro-
Marques and Amato, 2014; Ferraguti et al., 2018; Geue and Partecke, 2008).
Despite the well-known implications of avian malaria and the importance of a low
w-6/w-3 ratio for mounting an anti-inflammatory immune response, there is no
study to date that investigate how these two factors are related in birds living in
environments with different degree of anthropization. Here, we investigate the
FA composition of juvenile house sparrows either infected by Plasmodium or
uninfected along an urbanization gradient including urban, rural, and natural
habitats. We measured the relative proportion of the three main FA groups SFA,
MUFA and PUFA, along with the two PUFA groups w-3 and w-6, and the absolute
total FA concentration (FAwt). In addition, we also included in our analyses two
biomarkers, namely the w-6/w-3 ratio and the Peroxidation Index (P1), a proxy for

susceptibility of lipids to peroxidation (i.e., susceptibility for oxidative stress).

Materials and Methods
Study area and bird sampling
Juvenile house sparrows were caught using mist-nets and a bird call playback

recorder at 15 localities of southwest Spain from July to October of 2013 (Fig. S1).
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Localities were grouped in 5 triplets, each triplet included one urban, one rural
and one natural habitat. Urban habitats correspond to highly populated areas,
rural habitats were selected based on the presence of a high density of livestock
and natural habitats were characterized as higher preserved habitats with a
comparatively lower density of both livestock and humans (for further
information about habitat characterization, see Ferraguti et al., 2016).

Each bird was ringed with an individual numbered metal ring, and sexed
and aged based on plumage characteristics and skull ossification when possible
(Svensson, 2009). Bird body mass was measured with an electronic balance (to
the nearest 0.1g). A blood sample was extracted from the jugular vein using a
sterile syringe and never exceeding 1% of the bird’s body mass. Blood samples
were stored in Eppendorf tubes maintained in cold-boxes during field work, and
subsequently kept for less than 24 hours at 42C until centrifugation for 10 min at
1700g (4000 rpm) to separate serum and cellular fractions. The cellular fractions
were frozen at -20°C and serum at -80°C until further molecular and biochemical
analysis. Birds were released at the place of capture without any apparent

damage.

Molecular analyses

Genomic DNA was extracted using the Maxwell®16 LEV System Research
(Promega, Madison, WI, USA). Sex-determination was performed by plumage
characteristics when possible, otherwise it was determined using the primer pair
CHD-P2 (5’ TCTGCATCGCTAAATCCTTT3’) and CHD-P8 (5’
CTCCCAAGGATGAGRAAYTG 3’) following the protocols by Griffiths et al. (1998,
1996). The infection status and parasite identity were determined through the
amplification of a 478-bp fragment of the Plasmodium mitochondria cytochrome
b gene (Hellgren et al., 2004). Negative samples were analysed twice to avoid
false negatives (McClintock et al., 2010). Both negative controls for the PCR
reactions (at least one per plate) and DNA extractions (one per 15 samples) were

included in the analysis. Positive amplifications were sequenced unidirectionally
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to reduce the cost of sequencing a large number of amplicons (Dubiec et al., 2016)
by Macrogen Inc. facilities (Amsterdam, The Netherlands). Sequences were
edited using the software Sequencher™ v 4.9 (Gene Codes Corp. © 1991-2009,
Ann Arbor, M| 48108, USA). The parasites genera were identified by comparison
with sequences deposited in GenBank (National Center for Biotechnology
Information) and MalAvi databases (Bensch et al., 2009). The Plasmodium
infection status from birds studied here have already been analysed in Ferraguti

et al. (2018) and Jiménez-Pefiuela et al. (2019).

Fatty acid analyses
A subsample of birds evaluated in previous studies of Plasmodium infection were
selected for further analyses of the composition of fatty acids. Selection of
individuals was based on the habitat of origin, bird age and infection status by
avian Plasmodium. Only juveniles were included in this study, as they better
reflect local habitat characteristics such as food quality and availability as well as
the local parasite circulation abundance and richness during the nestling and
post-fledging phase (Cosgrove et al., 2008; ValkiGinas, 2005). Moreover, to test
the relationship between malaria infection on FA composition, only birds infected
exclusively by Plasmodium, or uninfected birds were included. This allows us to
avoid any confounding effects produced by other blood-parasites (e.g.,
Haemoproteus and/or Leucocytozoon) or co-infections in the analyses. Overall,
FAs were analysed in 58, 54 and 53 house sparrows from urban, rural, and natural
habitats, respectively (mean=11; S.D.=1.73, per locality). Of them, 88 were males
and 77 females, corresponding to 81 Plasmodium infected and 84 uninfected
individuals.

Fatty acids from serum samples were extracted following the protocol
described in Andersson et al. (2015). Briefly, 50 ul of chloroform:methanol (2:1
v/v) was added to 5 pl of defrosted serum and left for one hour at room

temperature. This volume includes an internal standard methyl (Z)-10-
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heptadecenoate with a known concentration (33.3 ng/ ul) that allow us to
estimate the FA absolute concentration. The organic phase was then evaporated
to dryness under a gentle N2 flow followed by adding of 100 ul 0.5 M KOH
solution in methanol. The mix was left in the oven at 402C for one hour to convert
the FA into Methyl Esters (FAMEs). After methanolysis, 100 pl of 0.5 M HCl in
methanol followed by 300 pl of heptane were added. The mix separates into two
phases, the bottom methanol phase was removed, and the FAME extract in the
heptane phase was washed with 200 ul of water twice. Finally, to completely
remove all the water, anhydrous sodium sulphate salt (Na2504) was added to the
FAME extract. The supernatant was then transferred to a glass vial for analysis by
Gas Chromatography/Mass Spectrometry (GC/MS). Specifically, we used an
Agilent 5975 MS coupled to an Agilent 6890 GC equipped with an HP-INNOWax
capillary column [30 m, 0.25 mm id, df 0.25 um; Agilent, CA, USA]. The oven
temperature was set to 802C for 1 min, then increased by 102C/min to 230-C and
was held at 2309C for 20 min. Helium was used as carrier gas at a constant flow
of 1 ml/min. FAMEs present in serum were identified by comparing their mass
spectra and retention times with those of synthetic standards (Supelco 37-
Component FAME Mix, Sigma-Aldrich, Stockholm, Sweden), and quantified by
comparing the peak area of the measurement with the peak area of the internal

standard of known concentration.

Statistical analysis

The individual FAs were grouped into their chemical class (Table 1): SFA, MUFA,
w-6 PUFA, w-3 PUFA, and all PUFA together (PUFAw:= w-6 PUFA + w-3 PUFA + w-
9 PUFA). All groups are presented as relative proportion (%) to the total FA
concentration. The FAw: concentration per individual (ng/ul) was used to get an
indication of the total fat intake. Moreover, we quantified two additional
biomarkers including the w-6/w-3 ratio, and PI. The last is estimated by adding
the peroxidation potential of all individual FAs (i.e., the number of double bonds

multiplied by its relative abundance) (Pamplona et al., 2000, 1998). Thus, Pl was
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calculated as Pl = [(% monoenoic x 0.025) + (% dienoic x 1) + (% trienoic x 2) + (%
tetraenoic x 4) + (% pentaenoic x 6) + (% hexaenoic x 8)].

For the statistical analyses, the proportion of FA groups were logit-
transformed (log(y/[1-y])) (Warton and Hui, 2011) and the w-6/w-3 ratio and the
FAwt were logarithmically transformed to normalize its distribution. Linear Mixed-
Effects Models (LMM) fitted by maximum likelihood were used to test the effects
of habitat category and Plasmodium infection on the plasma FA composition of
wild birds. Different models were fitted for the proportion of FA of each group
(SFA, MUFA, w-6 PUFAs, w-3 PUFAs and PUFA), the w-6/w-3 ratio, the Pl and
the FA.w:. Habitat category (urban, rural, and natural; categorical), infection status
by Plasmodium (infected and uninfected; categorical), and their two-way
interaction, were included as independent factors. Hour of capture (continuous),
day of capture (continuous), and bird body mass (continuous) were included as
covariates. Locality (categorical) nested in triplet (categorical) were included as
random factors to account for the geographical stratification of the sampling
design (Kuznetsova et al., 2017).

Tukey’s post hoc tests were used to test for differences between pairs of
habitats when the factor “Habitat” was statistically significant. Contrasts of factor
interactions, from the package phia, were used to test for differences between
levels of the interaction between habitat category and Plasmodium infection
(Martinez, 2015). The sum of squares was calculated using an ANOVA type lll. The
marginal (considering only fixed factors) and conditional (considering fixed and
random factors) variance explained by each model was determined by a pseudo-
R? (Nakagawa and Schielzeth, 2013) estimated with the package MuMin (Bartdn,
2019). For each LMM, the collinearity between independent variables was tested
by calculating the Variance Inflation Factor (VIF) (Zuur et al., 2010). Residuals from
each LMM, and all dependent variables, were checked for normality by using gg-
plots. Statistical analyses were conducted in R (v, 3.6.0 GUI 1.70 El Capitan build;

R Foundation for Statistical Computing 2018) using the packages: arm, car,
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cowplot, ggplot2, lattice, Ime4, ImerTest, Ismeans, MASS, Matrix, multcomp,

MuMin, nlme, phia and Rcpp.

Results

Overall, 21 different FA were identified in juvenile house sparrow’s serum. Oleic
acid (MUFA), palmitic acid (MUFA), stearic acid (SFA), linolenic acid (LA, w-6
PUFA), and arachidonic acid (AA, w-6 PUFA) accounted for the highest
proportions of FA, ranged between 8 and 27% of the total fatty acid concentration
(Table 1). Table 2 shows the mean proportion of serum FA for the different groups
(% of total FA concentration), the FAw: (ng/ul) and the two biomarkers for each

habitat category and Plasmodium infection status.
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Table 1. Relative proportion of plasma fatty acids (% of total concentration) in urban, rural and natural habitats and from

Plasmodium infected and uninfected juvenile house sparrows. Table shows mean values + Standard Error. C:Dn-x, number of

carbon atoms:double bonds-position; LA: Linoleic Acid, AA: Arachidonic acid; EPA: Eicosapentanoic acid; DPA: Docosapentanoic

acid; DHA: Docosahexaenoic acid.

Natural Rural Urban
Fatty acid name C:Dn-x | FAclass Infected Uninfected Infected Uninfected Infected Uninfected Infected Uninfected
Myristic acid 14:0 0.43:+002 043:003 | 035+0.04 028+0.03 | 050+0.04 050:0.04 | 0.44+005 0.48+0.04
Palmitic acid 16:0 2420+2.67 2472+2.70 | 2239+ 423 2123+425 | 2598+520 26.61+4.94 | 2441+461 2582+4.71
Margaric acid 17:0 SFA 0.12:+001 011+001 | 0.13+0.02 014+0.02 | 011+002 010:002 | 012+001  0.10+0.01
Stearic acid 18:0 16.03+0.37 15.88+042 | 17.52+0.74 18.52+0.71 | 1504+ 057 14.67+0.60 | 1542+0.51 14.84+0.65
Arachidic acid 200 0.07:+001 007:001 | 005+0.01 007+0.02 | 0.07+001 005:001 | 009+001  0.10+0.02
Palmitoleicacid | 16:1n-7 1.72+014 195:0.16 | 1.46+0.26 1.04+0.20 | 1.92+020 250+027 | 179:026 2.18+0.26
Oleic acid 18:1n-9 25394090 24.80+0.84 | 22.51+162 19.51+1.58 | 2539+ 113 2645+1.13 | 2827+164 27.61+125
cis-Vaccenicacid | 18:1n7 | MOA | 121:005  123:004 | 1142010 1.09:0.07 | 1284007 131:008 | 1.19:007  126%0.07
Eicosenoic acid | 20:1n-7 0.11:+001 010+002 | 009+0.02 005+0.02 | 0.11+002 0.10:002 | 0.12+003  0.15+0.03
Mead acid 20:3n9 | wOPUFA | 0.82+0.04 0.86+004 | 094+0.08 098+0.07 | 080+0.06 079005 | 072+0.05 0.84+0.06
LA 18:2n6 1652+0.91 1625+0.85 | 17.67+1.65 20.21+153 | 1638+11 13.96+1.19 | 1549+1.82 15.18+1.46
y-Linolenicacid | 18:3n-6 0.59+0.10 050+009 | 081+0.23 064+025 | 058+0.19 041:0.12 | 037+0.10  0.46+0.09
Eicosadineoicacid | 20:2n-6 0.01+0.004 0.01+0.005 | 0.016+0.008 0.005+0.005| 0.01+0.007 0.01+0.007 | 0.009+0.006 0.02+0.01
o_:oaom_.ﬂ___:o_m:_n 20:3n-6 | w6PUFA | 0.20£0.03 019+002 | 0.18+0.06 0.08+0.03 | 0.18+0.04 023+0.04 | 024+005 0.25+0.04
AA 20:4n-6 10.08+0.38 10.40+0.47 | 1178+ 066 13.31+079 | 932+063 1006+0.80 | 9.06:0.54 829+ 0.56
Adrenic acid 22:4n-6 037+003 039:004 | 031+0.04 040+0.06 | 0.41+005 035:004 | 038+004  0.42+0.08
DPA 22:5n-6 0.48+004 053+005 | 043+0.07 061+0.09 | 052+008 049:008 | 049+007  0.51+0.08
a-linolenicacid | 18:3n-3 035+005 035:005 | 046+0.10 057+0.13 | 032+008 022:005 | 027+005 0.28+0.03
EPA 20:503 | oo | 030:006 021:004 | 0.54:0.14 023009 | 019:007 015:005 | 0161005 026+008
DPA 22:5n3 0.09:+002 008:002 | 0.13+0.04 009+0.03 | 0.08+0.02 005:002 | 006+002 0.11+0.03
DHA 22:6n3 0.92:+007 092+007 | 1.08+0.13 094+0.13 | 079+0.08 098:0.11 | 087+0.12 0.85+0.10
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Table 2. Relative proportion of plasma fatty acids groups (% of total fatty acid
concentration), two biomarkers and the FAw: (ng/ul) in urban, rural and natural
habits, and from Plasmodium infected and uninfected juvenile house sparrows.
Table shows mean values + Standard Error. SFA: Saturated Fatty Acids; MUFA:
Monounsaturated Fatty Acids; PUFA«+: Total Polyunsaturated Fatty Acids; Pl:
Peroxidation Index; FAw: Total Fatty Acid Concentration (ng/ul).

All Natural
Fatty ac'id class group Infected Uninfected Infected Uninfected
/ Biomarker
SFA 40.85+x0.46 41.21+045 | 40.45+0.84 40.24 + 0.7
MUFA 28.42+1.03 28.08+0.99 | 25.20+1.92 21.68+1.83
w-6 PUFA 28.63+1.13 28.79+1.13 | 31.60+2.03 36.09+1.95
w-3 PUFA 1.90+0.21 1.72+0.17 2.57+0.45 191+042
PUFAwt 30.73+1.10 30.71+1.11 | 3435+1.97 38.08+1.89
w-6/w-3 29.17+3.79 30.74+3.41 | 22.23+401 38.23+5.94
PI 0.75+0.02 0.76 £ 0.03 0.87+0.04 0.93 +0.04
FAtot 2471077 2481+1.49 | 23.38+1.09 2233+1.66
Rural Urban
Fatty ac'id class group Infected Uninfected Infected Uninfected
/ Biomarker
SFA 41.71+0.6 41.93+0.7 40.4+0.87 41.33+0.87
MUFA 28.71+1.35 30.37+14 31.38+1.83 31.20%+1.48
w-6 PUFA 27.76+155 2587+155 | 26.43+2.11 2554+1.76
w-3 PUFA 1.65+0.32 1.59+0.22 1.47+0.24 1.69 +0.25
PUFAwt 2959+145 2770155 | 28.14+2.02 2747+1.69
w-6/w-3 2984+475 21.60+295 | 3550+£9.25 33.33+7.49
PI 0.71+0.04 0.72+0.04 0.69+0.04 0.67 £0.04
FAtot 2296+1.26 22.15+1.11 | 27.59+1.48 29.44+3.69
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The effect of habitat and infection on fatty acid composition

Results from the LMMs testing the effects of Plasmodium infection and habitat
on the proportion of plasma FA groups are summarized in Table 3. Plasmodium
infected birds had a significantly lower proportion of w-6 PUFAs (x?=4.16, d.f.=1,
p=0.04; Fig. 1) and a higher proportion of w-3 PUFAs (¥°=5.80, d.f.=1, p=0.02; Fig.
1) than uninfected individuals. Additionally, infected birds tended to have a
higher proportion of MUFA and a lower overall proportion of PUFA: than
uninfected ones, but these differences did not reach significance (MUFA: x?=3.01,
d.f.=1, p=0.08; PUFAw:: ¥’=2.97, d.f.=1, p=0.08; Fig. 1). Infection status was not
associated to SFA (x>=0.14, d.f.=1, p=0.70). Moreover, a marginal effect was found
regarding the interaction between infection status and habitat for the proportion
of w-3 PUFA (x’=5.68, d.f.=2, p=0.06), with infected birds showing higher
proportion of w-3 PUFA than uninfected birds in natural habitats (y>=5.8, d.f.=1,
p=0.02; Fig. 2), but not in the urban (¥?=0.12, d.f.=1, p=0.74; Fig. 2) or in the rural
habitats (y*=0.32, d.f.=1, p=0.57; Fig. 2). The proportions of the other FA groups
were not related to habitat nor the interaction between infection status and
habitat (Table 3). Finally, the mean quantity of w-3 PUFAs for uninfected and
infected birds by Plasmodium was 0.43 (ng/ul) and 0.61 (ng/ul) in natural
habitats, 0.49 (ng/ul) and 0.40 (ng/ul) in urban habitats, and 0.34 (ng/pl) and 0.39
(ng/ul) in rural habitats. The mean quantity of w-6 PUFAs for uninfected and
infected birds by Plasmodium was 7.99 (ng/ul) and 7.21 (ng/ul) in natural
habitats, 7.75 (ng/ul) and 7.19 (ng/ul) in urban habitats, and 5.59 (ng/ul) and 6.27

(ng/ul) in rural habitats.
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Table 3. Results of the Linear Mixed Models (LMM) analysing the effect of time
(hour of capture), date (day of capture), body mass, Plasmodium infection status
(Pla Inf: infected versus uninfected), habitat category (Habitat: urban, rural, and
natural) and the interaction between infection status by Plasmodium and habitat
(Pla Inf * Hab) on the proportion of the different groups of FA. Significant
relationships (p < 0.05) are highlighted in bold. Conditional (and marginal) R? are
shown. SFA: Saturated Fatty Acids, MUFA: Monounsaturated Fatty Acids, w-6
PUFA: Omega 6 Polyunsaturated Fatty Acids, w-3 PUFA: Omega 3
Polyunsaturated Fatty Acids, and PUFA:.t: Polyunsaturated Fatty Acids together.

SFA MUFA
¥ df.  p ¥ df.  p

Intercept 0.89 1 0.35 0.07 1 0.79

Time 6.35 1 0.01 2.27 1 0.13

Date 0.04 1 0.84 4.44 1 0.03

Body mass 2.01 1 0.16 0.69 1 0.41

Pla Inf 0.14 1 0.70 3.01 1 0.08

Habitat 0.99 2 0.61 4.24 2 0.12

Pla Inf *Hab 0.29 2 0.87 2.99 2 0.22

R? 0.30 (0.08) 0.43 (0.17)
w-6 PUFA w-3 PUFA PUFA;o:
Ve d.f. p ba d.f. p X d.f. p
Intercept 14.17 1 <0.001| 15.73 1 <0.001 | 13.17 1 <0.001
Time 5.63 1 0.02 0.52 1 0.47 6.52 1 0.01
Date 6.68 1 0.01 0.03 1 0.85 5.76 1 0.02
Body mass 1.98 1 0.16 0.10 1 0.75 2.38 1 0.12
Pla Inf 4.16 1 0.04 5.80 1 0.02 2.97 1 0.08
Habitat 2.58 2 0.28 0.30 2 0.86 3.26 2 0.20
Pla Inf *Hab 4.28 2 0.12 5.68 2 0.06 3.93 2 0.14
R? 0.52 (0.18) 0.35 (0.05) 0.50(0.2)

W



Section 2

A SFA B MUFA
0.415 5 ,
: 0.291 :
o a
: ® :
0.410- ; :
® , 0.281 ‘
0.405- :
0.271
Infected Uninfected Infected Uninfected
c w-6 PUFA D w-3 PUFA
0.301 ;
: 0.020+
0.291 E L ] .
L 4 :
¢ : 0.0181 :
i @
0.281 5 :
; 0.0161 :
Infected Uninfected Infected Uninfected
E PUFA
0.314 ;
s :
0.306 ’
0.298 5

Infected Uninfected

Figure 1. Mean relative proportion * Standard Error of (A) saturated fatty acids
(SFA), (B) monounsaturated fatty acids (MUFA), (C) omega-6 polyunsaturated
fatty acids (w-6 PUFA), (D) omega-3 polyunsaturated fatty acids (w-3 PUFA) and
(D) polyunsaturated fatty acids (PUFAsw:) for juvenile house sparrows either

infected or uninfected by Plasmodium.
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Figure 2. Mean proportion + Standard Error of omega-3 polyunsaturated fatty
acids (w-3 PUFA) of Plasmodium infected (straight line) and uninfected birds
(dotted line) in natural, rural, and urban habitats.

The effect of habitat and infection on estimated biomarkers and FA.: levels

Results for LMMs analyses testing the effects of Plasmodium infection and habitat
on the biomarkers and FA: are summarized in Table 4. The w-6/w-3 ratio differed
significantly with the infection status of birds (¥°=8.7, d.f.=1, p=0.003) and the
interaction between the infection status and habitat category (¥?=8.28, d.f.=2,
p=0.02). Plasmodium infected birds had lower w-6/w-3 ratio levels than
uninfected individuals in natural habitats (¥°=8.69, d.f.=1, p=0.003; Fig. 3), but
there are no significant differences in birds from rural (¥>=0.70, d.f.=1, p=0.40; Fig.
3) or urban habitats (¥?=0.01, d.f.=1, p=0.93; Fig. 3). The FAw: was only
significantly associated with the habitat category (x°=7.12, d.f.=2, p=0.03), with
urban individuals showing a higher amount of FA concentration than rural birds

(Est=0.09, S.E.=0.04, z value=2.59; p=0.03; Fig. 4), but there were no significant
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differences between urban and natural habitats (Est=0.07, S.E.=0.04, z
value=1.79; p=0.17) nor between rural and natural habitats (Est=-0.02, S.E.=0.04,
z value=-0.64; p=0.79). In addition, we found marginally significant differences in
Pl between habitat categories (x?=5.32, d.f.=2, p=0.07), where birds from rural
habitats had lower Pl values than conspecifics from the natural habitat (Est=-0.16,
S.E.=0.07, z value=-2.15, p=0.08; Fig. S2), but this differences were not significant
between urban-natural (Est=-0.14, S.E.=0.07, z value=-1.85, p=0.15; Fig. S2) nor
between urban-rural habitats (Est=0.02, S.E.=0.07, z value=0.28, p=0.96; Fig. S2).
Finally, marginally significant differences in Pl between the infection status,
where the Pl tended to be lower in Plasmodium infected than in uninfected birds

(x?=2.98, d.f.=1, p=0.08; Fig. S2).

Table 4. Results of the Linear Mixed Models (LMM) analysing the effect of time
(hour of capture), date (day of capture), body mass, infection status by
Plasmodium (Pla Inf: infected versus uninfected), habitat category (Habitat:
urban, rural and natural) and the interaction between infection status by
Plasmodium and habitat (Pla Inf * Hab) on different biomarkers of fatty acids.
Significant relationships (p < 0.05) are highlighted in bold. Conditional (and
marginal) R? are shown. Pl: Peroxidation Index, FAw:: Total Fatty Acid
concentration.

Pl w-6/w-3 ratio FA:or
¥ df p x> df. p X d.f. p
Intercept 9.24 1 <0.001 | 3.08 1 0.08 72477 1 <0.001
Time 3259 1 <0.001 | 0.02 1 0.89 12.53 1 <0.001
Date 151 1 0.22 2.97 1 0.08 0.15 1 0.69
Body mass 1.35 1 0.25 0.01 1 0.919 1.05 1 0.30
Pla Inf 2.98 1 0.08 8.70 1 0.003 0.88 1 0.35
Habitat 532 2 0.07 0.67 2 0.72 7.12 2 0.03
PlaInf*Hab | 2.16 2 0.34 8.28 2 0.02 0.63 2 0.73
R?|  0.48(0.35) 0.49 (0.05) 0.19(0.17)
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Figure 3. Mean ratio of w-6 and w-3 polyunsaturated fatty acids (PUFAs) +
Standard Error of Plasmodium infected (straight line) and uninfected birds
(dotted line) in natural (green), rural (yellow), and urban (blue) habitats.
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Figure 4. Mean total fatty acid concentration (ng/ul) + Standard Error, in
Plasmodium infected (straight line) or uninfected (dotted line) house sparrows
captured in natural (green), rural (vellow), and urban (blue) habitats.
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Discussion

Here, we investigate how serum fatty acid composition in juvenile house
sparrows is related to urbanization level and malaria infection. The main results
revealed that Plasmodium infected birds had higher proportion of w-3 PUFA, but
lower proportion of w-6 PUFA than uninfected birds. This was also reflected in a
lower w-6/w-3 ratio in the infected birds, but only in natural habitats. The FA
was higher in urban birds compared to birds from rural habitats, independently
of their infection status. Finally, the Pl tended to be higher in natural habitats
compared to rural or urban habitats, and lower in infected birds by Plasmodium

than uninfected ones.

Fatty acid composition in relation to infection status

Several studies have documented negative effects on fitness or fitness-related
traits when infected by avian malaria (Asghar et al., 2015; Atkinson et al., 1991;
Jiménez-Pefiuela et al., 2019; Lachish et al., 2011; Martinez-de la Puente et al.,
2010; Marzal et al., 2008, 2005). Yet, the links between FA composition and avian
malaria infection is so far unexplored, despite the known effects of PUFAs on
immune responses, its environmental dependence and fitness effects, especially
in juveniles (Twining et al., 2020, 2018). Here, we show that w-6 PUFA was
relatively lower and w-3 PUFAs relatively higher in infected juvenile birds
compared to uninfected ones. This is interesting given the two different immune
pathways that these PUFAs are involved in. During infection or other
inflammatory processes, w-6 PUFA are metabolized to pro-inflammatory
prostaglandins, while the down-stream immune components of the w-3 PUFA
pathway is anti-inflammatory (Alagawany et al., 2019; Chang et al., 2018; Hulbert
et al.,, 2005; Simopoulos, 2011). Both circulating w-6 and w-3 PUFAs are
influenced by dietary intake as well as by physiological processes, such as
metabolism, elongation, selective transportation and use (Alagawany et al., 2019;

Hulbert et al.,, 2005; Hulbert and Abbott, 2012; Price and Valencak, 2013).
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However, PUFA elongation is rather inefficient and ingested PUFAs usually
maintain their original structure, which make them useful as dietary tracers
(Twining et al., 2016). Thus, the higher relative proportion of w-3 PUFAs found in
infected birds may suggest that they have preferentially consumed and/or
mobilized them from storage to promote an anti-inflammatory immune response
towards Plasmodium infection. Indeed, the consumption of rich food in w-3
PUFAs have previously been shown to be beneficial during active inflammation
to improve the immune response without increasing the oxidative stress
(Alagawany et al., 2019). Moreover, and in line with this, we also found significant
lower proportions of w-6 PUFAs and a marginally lower Plin Plasmodium infected
birds compared to uninfected ones. These results could be interpreted as the
infected birds cannot afford the joint negative effects of Plasmodium infection
and the increment of oxidative stress derived from the pro-inflammatory immune
response generated by w-6 PUFAs and the corresponding lipid peroxidation.
Alternatively, the higher proportion of w-3 PUFAs and lower proportion of w-6
PUFAs could indicate that birds are more susceptible to infection possibly
because less pro-oxidants are produced to attack the parasites. A controlled
experiment will be useful to disentangle the causal effects of these results.
Independently of the cause, this fact makes the w-6/w-3 ratio especially sensible
to the variation of these two PUFAs, where a low w-6/w-3 ratio is either a result
of a low proportion of w-6, or of a high proportion of w-3. Nevertheless, since the
relative abundance in relation to each other is what determines which immune
pathway is activated, the w-6/w-3 ratio is potentially affecting more the long-
term costs of defeating an infection rather than the proportion of the individual

PUFA groups (Pamplona et al., 2002).

Fatty acid composition in relation to urbanization
The FAw: was significantly higher in birds from the urban habitats compared to
those from rural habitats. This suggest that the availability of fat-rich food for

house sparrows are higher in urban habitats compared to rural habitats (Heiss et
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al., 2009; Mckinney, 2002; Meyrier et al., 2017). However, there was no
significant differences between urban and natural environments, nor between
rural and natural habitat. Moreover, despite the mentioned benefits of PUFAs,
they are highly susceptible to lipid peroxidation under conditions of high
oxidative stress (Isaksson et al., 2017; Pamplona et al., 2002). Thus, the more
long-chained PUFAs, the higher Pl we could expect. Although, it did not reach
significance, there was a tendency for higher Pl in birds from natural habitats
compared with their urban and rural conspecifics. In contrast, another study
showed that two sparrow species from urban habitats had a higher Pl than their
rural conspecifics, linked to a major susceptibility to lipid peroxidation and higher
oxidative stress in birds of those altered environments (Isaksson et al., 2017).
Unfortunately, we were not able to measure lipid peroxidation here, so we
cannot directly test if urban birds suffer from increased oxidative damage and
therefore have slightly less PUFAs available. Thus, our results could be reflecting
that those birds under situations with increased oxidative stress, are not able to
afford the joint negative effects of high Pl levels and anthropic conditions

urbanization or Plasmodium infections disease.

Fatty acid composition in relation to the interaction of infection status and
urbanization

Our results revealed that the w-6/w-3 ratio was lower in the Plasmodium infected
birds compared to the uninfected birds when living in natural habitats but not
when living in urban or rural habitats. This result is likely to be driven by the slight
habitat difference in the relative proportion of w-3 PUFAs among the infected
versus the uninfected birds, with infected birds from the natural habitats having
higher w-3 PUFAs. Indeed, these differences can be noted also in the quantity of
w-3 PUFAs, with infected birds from natural habitats having higher absolute
levels. Thus, our results may indicate that infected birds living in higher

anthropized habitats could have limited availability of w-3-rich food to consume
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compared to birds from natural habitats. This has also been shown for other bird
species (Andersson et al., 2015; Isaksson et al., 2017). Having access to highly
nutritional food has been shown to mount a higher immune response and higher
membrane resistance during Plasmodium infection compared to control birds
(Delhaye et al., 2018). Thus, juvenile house sparrows from natural habitats may
be better in combating the Plasmodium infection off compared to the infected
birds in the urban and rural habitat.

Alternatively, it is also possible that birds from more anthropized
environments already metabolized the w-3 PUFAs to immune components for
other reasons (e.g., environmental stressors such as exposure to chemical and/or
light pollution) leaving less circulating w-3 PUFAs to other important functions.
Thus, growing up in anthropized habitats and being infected could have greater
costs due to the exposure to multiple stressors and limited resources. Our results
highlight a differential availability/mobilization of w-3 in infected compared to
uninfected birds from natural habitats while rural and urban birds did not show
this pattern. The negative and potentially synergic effects of anthropization and
Plasmodium infection was previously highlighted in a study of house sparrows
from the same habitats. There it was suggested that birds in poor boy condition
were less likely to survive when infected by Plasmodium in urban habitats
(Jiménez-Penuela et al.,, 2019). Our present results further support this by
showing a FA profile for urban juvenile birds that potentially make it more

challenging to handle Plasmodium infection.

Conclusion

The present results highlight the importance of studying bird’s physiological
condition and nutritional status when considering the impacts of disease in
wildlife populations. The results imply that infected birds, especially from natural
habitats, have a composition of PUFAs more beneficial for mounting an anti-
inflammatory immune response, whereas the infected birds from more

anthropized habitats have a pro-inflammatory PUFA composition. This may
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provide a mechanistic link and explanation for the negative relationship between
house sparrows decline in the cities and Plasmodium infections dynamics. Diet
supplementation or the improvement of anthropized habitats with a more
heterogenic landscape where birds can eat seeds, cereals, and insects, may
provide a non-invasive approach to reduce the impact of Plasmodium infection
and improve the general health of urban birds. This may be especially important
at early life stages and would be interesting to further investigate in the future.
Our results shed some light into how anthropic activities could determine the
capacity of wildlife to fought off infectious diseases, affecting their health and

their populations demography.
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Graphical abstract
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Highlights

Four biomarkers of the oxidative status of wild house sparrows were
analysed with respect to the habitat they live in and their parasite
infection status.
Birds from urban habitats had higher levels of oxidative damage to lipids
measured as TBARS levels.
Infections by the avian malaria parasite Plasmodium affected the redox
system of wild birds, influencing the activity of three antioxidant enzymes
(GPx, SOD and GR).
Birds with lower body condition showed higher evidence of oxidative
damage in urban habitats, while the opposite occurred in birds from rural
and natural habitats.

e The body condition of birds may modulate the levels of oxidative stress
as is related with oxidative damage levels differently in urban and non-
urban habitats and with the antioxidant enzymatic activity against

stressors.

Keywords: Antioxidant enzymes, avian malaria, Haemoproteus, Leucocytozoon,

oxidative damage, Passer domesticus, Plasmodium.
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Abstract

Living organisms are exposed to a diversity of stress sources. The oxidative stress
occurs when the equilibrium between Reactive oxygen substances (ROS), that can
cause oxidative damage to biomolecules, and the activity of antioxidant
substances is lost. Both urbanization and parasite infections are important
sources of ROS that cause different and severe deleterious effects on wildlife.
Nevertheless, their joint effects, especially with the increment of landscape
anthropization, is still unclear. Here, we analysed the oxidative stress of wild
juvenile male house sparrows (Passer domesticus) with respect to their infection
status by three common blood parasite genera (namely Plasmodium,
Haemoproteus or Leucocytozoon), along an urbanization gradient. We analysed
samples from 689 birds captured during 2013 in 45 localities grouped in 15
triplets including one urban, one rural, and one natural habitat per triplet. We
measured the levels of i) thiobarbituric acid reactive substances (TBARS) as an
indicator of the oxidative damage to lipids and the activity of the ii) glutathione
peroxidase (GPx), iii) superoxide dismutase (SOD), and iv) glutathione reductase
(GR) enzymes as indicators of bird’s antioxidant capacity. The level of TBARS were
higher in birds from urban than rural habitats. Also, the relationship between
TBARS with bird body condition was positive in birds from rural and natural
habitats but negative in birds from urban habitats. The activity of GPx, SOD and
GR was lower in Plasmodium infected birds than in uninfected ones. Finally,
individuals in better body condition showed higher activity of GPx and SOD but
lower activity of GR. Overall, these results suggest that both urbanization and
parasite infection affect the oxidative status of wild house sparrows and highlight
the importance of birds body condition in their physiological responses against

stressors.
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Introduction

Reactive oxygen species (ROS) is a collective term to include different chemical
substances with distinct origins that may cause oxidative damage to biomolecules
such as proteins, lipids, or DNA (Li et al., 2016). ROS are produced, among others,
as by-products of basal metabolism and during inflammatory responses
(Costantini, 2019; Isaksson, 2015; Li et al., 2016; Sorci and Faivre, 2009).
Organisms have evolved antioxidant systems, with both endogenous enzymes
and external non-enzymatic compounds (i.e., vitamins from dietary sources), that
prevent, reduce, and repair ROS-induced damage (Costantini and Verhulst, 2009;
Li et al., 2016; Sorci and Faivre, 2009). When the balance with antioxidants and
pro-oxidant is lost, either with an increase of ROS or with a decrease of
antioxidant activity, the oxidative stress increases producing damage to
biomolecules (Costantini and Verhulst, 2009; Li et al., 2016).

During the course of infection, organisms may develop inflammatory
responses where cells of the immune system produce cytotoxic compounds that
act like ROS (Sorci et al., 2013; Sorci and Faivre, 2009). These are non-specific
physiological responses that can also harm the host and develop into chronic
inflammation (Costantini and Verhulst, 2009; Sorci and Faivre, 2009). Even
inflammatory responses can be costly, individuals unavailable to produce these
responses are usually more susceptible to suffer increased infection-induced
mortality (Sorci and Faivre, 2009). Correlative and experimental studies have
confirmed that parasites are an important source of physiological stress (del
Cerro et al.,, 2010; Martinez-de la Puente et al., 2011; Merino et al., 1998; Videvall
et al., 2015). Overall, avian malaria parasites of the genus Plasmodium, and the
related malaria-like genera Haemoproteus and Leucocytozoon, are widespread
blood parasites with negative impacts on the physiological condition of birds
(Atkinson et al., 1991; Valkitnas, 2005). Different deleterious effects of blood
parasite infections on diverse life-history traits of birds have been reported.
Infected individuals from a variety of avian species suffer, among others, negative

impacts on health (Marzal et al., 2008; Merino et al., 2000), survival (Martinez-de
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la Puente et al., 2010), reproductive success (Cuevas et al., 2021; Marzal et al.,
2005; Merino et al., 2000), hormone modulation (Names et al., 2021) and altered
responses of oxidative stress (Arriero and Mgller, 2008; Martinez-de la Puente et
al.,, 2011; Morales et al.,, 2006). However, other studies have not found any
detrimental consequences of haemosporidian infections on body condition,
immunocompetence, plasma corticosterone concentrations, total antioxidant
capacity, or reactive oxygen metabolites in red-winged blackbirds (Schoenle et
al.,, 2017). Environmental and individuals extrinsic and intrinsic factors will
determine the susceptibility of the host to be infected, the capacity to modulate
immune responses to fight infections, and the potential costs of these responses
(Delhaye et al., 2018), likely causing such discrepancies.

The continuous increment of urbanization has created new habitats where
only a reduced number of species able to exploit anthropic resources, are
competent to survive (Mckinney, 2002; Sol et al., 2014). The detrimental effects
of habitat anthropization on birds life history have been reported in different
urban dwelling species. Urbanization negatively affects body size and condition
of wild birds (Jiménez-Pefiuela et al., 2019; Liker et al., 2008), as well as their
reproductive success and survival (Chamberlain et al., 2009; Sepp et al., 2018;
Sumasgutner et al., 2014). In addition, telomere attrition rate was higher in birds
breeding in urban than in natural habitats (Ibafiez-Alamo et al., 2018; Salmén et
al., 2016; Watson et al., 2017). These impacts may be caused by the availability
and quality of the food consumed (Costantini, 2010; Delhaye et al., 2018; Romieu
et al., 2008) and the presence of pollutants or other environmental stressors in
cities (Bichet et al., 2013; Herrera-Duefias et al.,, 2014; Koivula et al., 2011;
Romieu et al.,, 2008; Salmdn et al., 2018). Pollutants such as NOy, SO, or Os,
derived from the burning of fossil fuels, are toxic and deleterious substances that
have been demonstrated to increase the oxidative stress of birds living in urban
habitats (Herrera-Duenias et al., 2017; Isaksson, 2010; Koivula et al., 2011; Salmén
et al., 2018). Nevertheless, contradictory results have also frequently been

reported. For example, no significant differences in the levels of physiological
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stress was found in birds from urban compared to natural populations nor across
habitats with different urbanization levels (Chavez-Zichinelli et al., 2010; Ibanez-
Alamo et al., 2020). Thus, the effect of parasite infection, habitat anthropization
and therefore, their joint effects on bird oxidative stress, is still far from clear.

In this study, we test the impact of two potential sources of physiological
stress such as urbanization and parasite infection, as well as their interaction, on
the oxidative status of wild birds. We evaluated both the oxidative damage and
the antioxidant capacity of birds uninfected and infected by Plasmodium,
Haemoproteus or Leucocytozoon parasites, from populations along an
urbanization gradient considering urban, rural, and natural habitats. The house
sparrow (Passer domesticus) is a widespread, abundant, and sedentary urban
exploiter species that has lived in contact with humans for centuries, taking
advantage of anthropogenic food resources and cavities for nesting (Anderson,
2007; De Laet and Summers-Smith, 2007; Hanson et al., 2020; Mckinney, 2002).
This passerine is currently undergoing a dramatic population decline, especially
in urban areas where nutritional constrains, intensive and large-scale farming and
agriculture, pollution, pesticides and infectious diseases such as avian malaria,
among others, have been suggested as the main causes of its decline (Bichet et
al., 2013; Dadam et al., 2019; Herrera-Duefias et al., 2017, 2014; Meillere et al.,
2017; Meyrier et al., 2017).

Material and methods

Study area and sampling design

Fieldwork was conducted at 45 localities in the province of Huelva, Seville, and
Cadiz, in southern Spain. Sampling localities were grouped into 15 geographically
close triplets, formed by one urban (defined as a more densely populated area),
one rural (characterized by high density of livestock), and one natural habitat
(areas better preserved from human activities and where wildlife predominated
over both livestock and humans). The categorization of the localities was based

on visual inspection of the habitat (for further information on the sampling design
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see Ferraguti et al., 2016). The average distance within localities of the same
triplet was 5875.19 m (S.D. 4584.28 m). Overall, house sparrows have a home
range radius of 1-2 km with < 10% of individuals dispersing over that distance
(Snow and Perrins, 1998; Summers-Smith, 1963, 1956), consequently we assume

a reduced mobility of individuals between localities that still allow gene flow.

Bird sampling

From July to October of 2013, overlapping with higher density of juvenile house
sparrows in the area, birds were captured using mist-nets and bird call playbacks.
Birds were ringed with a numbered metal ring, sexed and aged when possible,
according to their plumage characteristics and skull ossification (Svensson, 2009).
Birds were classified as juveniles (i.e., those born in the calendar year, Euring code
3), adults (i.e., those born before the actual calendar year, Euring code 4) or
unknown age (i.e., birds for which it was not possible to differentiate between
these two categories, Euring code 2). In addition, bird body mass and wing length
were measured with an electric balance (digital scale to the nearest 0.1 g) and a
metal ruler (to the nearest 0.5 mm), respectively. Both variables were used to
estimate individual body condition according to Peig and Green (2009).
Subsequently, birds were blood sampled from the jugular vein with a sterile
syringe, never exceeding 1% of the body mass. The birds were released at the
same place of capture without any apparent damage. Blood samples were
transferred to Eppendorf tubes and stored in cold-boxes during the fieldwork and
kept at 42C until centrifugation the next morning for 10 min at 1700g (4000 rpm)
to separate serum and cellular fractions. The latter was frozen at -202C until
further analyses. In this study, we only included samples from juvenile birds
(Euring code 3) as they are exposed to the environmental conditions during the
reduced period of their life, and may be recently infected during the nestling or
post-fledgling period (Cosgrove et al., 2008). Due the potential sex differences in
the responses to oxidative damage and antioxidant production (Costantini, 2010),

only male birds were analysed. Finally, one of the triplets was excluded from the
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analyses due to the lack of blood samples of sufficient volume from male juveniles

in one of the localities.

Molecular analyses

Genomic DNA was extracted from the blood cellular fraction using the
Maxwell®16 LEV System Research (Promega, Madison, WI). The sex of those
individuals that could not be clarified in the field according to plumage
characteristics was molecularly determined following Griffiths et al., (1998,
1996). The infection status and the identity of parasite genus was assessed
through the amplification of a fragment of the cytochrome b gene following
Hellgren et al., (2004). Negative samples were repeated twice to avoid the
occurrence of false negatives (McClintock et al., 2010). Both negative controls for
PCR reactions (at least one per plate) and DNA extractions (one per 15 samples)
were included in the analyses. PCR amplifications were resolved in 1.2% agarose
gels and positive amplifications were sequenced unidirectionally (Macrogen Inc.;
Amsterdam, The Netherlands). Sequences were edited using Sequencher™ v.4.9
(Gene Codes Corp. © 1991-2009, Ann Arbor, M1 48108, USA) and parasite genus
identified by comparison with sequences deposited in GenBank (National Center
for Biotechnology Information) and MalAvi databases (Bensch et al., 2009).
Information of birds parasite infections was previously analysed in the context of

other studies (Ferraguti et al., 2018; Jiménez-Pefiuela et al., 2019).

Biochemical analyses

Measuring oxidative stress in blood provides an integrated measure of the
organism oxidative status and its variability, especially when the experienced
stress or exposure is low to moderate, and chronic rather than acute (Costantini
and Verhulst, 2009; Isaksson and Bonier, 2020; Ouyang et al., 2018). The
concentrations of one marker of oxidative damage and three antioxidant
enzymes were determined from the blood cellular fraction of the house sparrows

at the Ecophysiology Laboratory at the Dofiana Biological Station (LEF-EBD-CSIC).
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Blood cells were mixed with miliQ water (1:4 proportion) and centrifuged at
14,000 rpm during 30 min at 42C to lyse the cells. The supernatant was separated
and kept at -802C until each respective biomarker analyses.

The oxidative damage caused by oxidant agents to lipids, especially to
unsaturated ones, produce metabolites from lipid peroxidation called
malondialdehyde (MDA) (Buege and Aust, 1978; Costantini, 2019). We use
thiobarbituric acid reactive substances or TBARS (nmol MDA/mI) as the
biomarker to quantify this reaction. When the MDA reacts with the thiobarbituric
acid produces red-pink products that can be measured at a wavelength of 535 nm
(Buege and Aust, 1978). The antioxidant capacity of birds was measured by
quantifying the activity of three enzymes that takes part in the glutathione (GSH)
redox system (Isaksson, 2010). The superoxide dismutase (SOD) is involved in a
crucial cellular antioxidant defence catalysing the dismutation of the superoxide
anion (0y) into molecular oxygen (O,) and hydrogen peroxide (H,0,) (Arthur and
Boyne, 1985). SOD (U/mg of protein) activity was determined with the inhibition
rate of xanthine oxidase (XOD) as the source of peroxide radicals. The catalysis of
XOD produces red products that were measured at a wavelength of 550 nm
(Arthur and Boyne, 1985; Suttle, 1986; Suttle and McMurray, 1983; Wooliams et
al.,, 1983). The glutathione peroxidase (GPx) catalyses the reduction of both
organic peroxides (R-OOH, caused by the oxidation of organic macromolecules
with ROS), and hydrogen peroxide (H,0,, caused by the activity of SOD), into their
corresponding stable alcohols (R-OH) and water. The GPx catalases the
transformation of glutathione (GSH) into oxidised glutathione (GSSG) (Paglia and
Valentine, 1967). Finally, the glutathione reductase (GR) reduces the GSSG into
GSH by oxidising NADPH to NADP* to immediately counteract the activity of the
GPx (Melissinos et al., 1981). The activities of GPx and GR were quantified by the
decrease in the absorbance at a wavelength of 340 nm due to the oxidation of
NADPH to NADP* (Goldberg and Spooner, 1983; Melissinos et al., 1981; Paglia and
Valentine, 1967). All methods implemented to detect SOD, GPx and GR were
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adapted to the autoanalyzer “Cobas Integra 400” and the concentration of each

biomarker was referred to the total protein content expressed in mg/ml.

Statistical analyses

A Principal components analysis (PCA) was performed using a correlation matrix
to summarize the antioxidant activity of SOD, GPx and GR enzymes into two
principal components (PC1 and PC2). Variables were logarithmically transformed,
centred, and scaled prior to the PCA. We independently analysed TBARS with
respect to SOD, GPx and GR, because they reflect different aspects of the
oxidative status of birds. TBARS is a biomarker that measures the oxidant
reactions of ROS with lipids and their consequent oxidative damage, while SOD,
GPx, and GR refer to the enzymatic antioxidant capacity from the GSH redox
system of birds. The effects of landscape use and parasite infections on bird
oxidative status were tested by fitting Linear Mixed-Effects Models (LMM). TBARS
levels, PC1 and PC2 (continuous) were included as dependent variables in
separate models. Time and date of sampling (continuous), body condition
(continuous), habitat category (categorial: urban, rural, and natural),
Plasmodium, Haemoproteus and Leucocytozoon infection status (categorical:
infected/uninfected by each parasite), and the interaction between body
condition and habitat were included as independent variables. Sampling locality
nested into triplet were included as a random factor to control for the
geographical stratification of the study design. A backwards stepwise selection
procedure was applied by removing either the variable or the interaction with the
highest p values. This procedure was used until obtaining a simplified model
including variables with p <0.10. When the interaction was retained in the model,
both variables included in the interaction were also maintained. Differences
between the three factor levels of habitat category were tested with Tukey’s
post-hoc test when necessary. For each model, the marginal (considering only
fixed factors) and conditional (considering fixed and random factors) variance

explained (R?) were calculated (Nakagawa and Schielzeth, 2013). Collinearity

\&x156wf



Chapter 4

between independent variables was tested with the Variance Inflation Factor
(VIF) (Zuur et al., 2010) and no evidence of collinearity (values < 4) was found.
Normality of continuous variables, as well as the residuals of all the LMMs, were
tested by checking normality qqg-plots. Initially, 689 individuals were included in
the analyses, but due to the samples of blood cellular fraction from some
individuals did not reach enough quantity to test all the enzymes, sample size
differed between analyses (TBARS models, N = 600; GPx, GR and SOD models, N
= 488). Models were run with the higher sample size available for each analysis.
All statistical analyses were conducted in R (R version 4.0.4 "Lost Library Book"; R
Foundation for Statistical Computing 2021) using the packages: arm, car, cowplot,
emmeans, ggplot2, Hmisc, lattice, Imed4, ImerTest, Ismeans, MASS, Matrix,

multcomp, MuMlIn, nlme, phia, RcppEigen and stats.

Results

Body condition (Estimate = S.E. =0.001 + 0.004, ¥* = 0.07, d.f.= 1, p=0.79), habitat
(¥*=5.58, d.f. =2, p=0.06) and their interaction (y*=5.59, d.f. =2, p = 0.06) were
the only variables retained in the TBARS models (R2m = 0.01, R%c = 0.29). Birds
from urban areas tended to have higher TBARS levels than birds from rural
habitats (Estimate + S.E. = 0.30 = 0.13, z = 2.34, p = 0.05), while no significant
differences were found between rural-natural habitats (0.21 +£0.13,z=-1.56, p =
0.26) and neither between birds from urban-natural habitats (0.09 + 0.12, z =
0.71, p =0.76). Moreover, TBARS was marginally and positively related with body

condition in natural and rural habitats but negatively related in urban habitats

(Fig.1).
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Figure 1. Relationship between TBARS levels and the body condition of birds from
natural (green straight line and circles), rural (yellow dotted line and triangles)
and urban (punctuated and blue line and squares) habitats.

The two principal components of the PCA calculated over the correlation matrix
of SOD, GPx and GR enzymes, explained 82.68% of the variance. The PC1 had an
eigenvalue of 1.6 and explained 53.21% of the variance, while the PC2 had an
eigenvalue of 0.9 and explained 29.5% of the variance. The contribution of GPx,
GR and SOD to PC1 was 39.05, 14.47 and 43.48, and to the PC2 was 16.44, 80.2,
3.65, respectively. The loadings for GPx, GR and SOD were 0.62, 0.42 and 0.66 of
the PC1 and -0.41, 0.89 and -0.18 of the PC2 (Fig.2). PC1 (R%c = 0.43, R?m = 0.04)
was significantly lower in birds infected by Plasmodium (-0.22 + 0.10, ¥? = 4.69,
df. = 1, p = 0.03) and tended to be higher in individuals infected by
Leucocytozoon, although the last association was only marginally significant (0.20
+0.11, ¥ = 3.21, d.f. = 1, p = 0.07) (Fig.3). PC2 (R* = 0.26, R*m = 0.07) was
positively associated with the hour of capture (1.05 +0.32, ¥*=10.48,d.f.=1,p
=0.001) and negatively with the date of capture (-0.006 + 0.002, x> = 11.24, d.f. =
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1, p = 0.001) and with the body condition of birds (-0.04 + 0.02, x> =3.94,d.f. = 1,

p = 0.047; Fig. 4).
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Figure 2. Principal Components Analyses for GPx, GR and SOD activities of
juvenile male house sparrows from natural (green circles), rural (yellow triangles)

and urban (blue squares) habitats.
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Figure 3. Mean values (+ S.E.) of PC1 with respect to bird infection status by
Plasmodium (A) and Leucocytozoon (B). Significant differences were only found
for the case of Plasmodium.
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Discussion

We tested the potential effects of major sources of stress for wild birds:
urbanization, parasite infections and their interaction. We measured the levels of
four different oxidative stress related biomarkers, which reflected the
physiological oxidative status of wild juvenile male house sparrows. Our main
results showed that the oxidative damage to lipids (reflected in TBARS levels) was
higher in birds from urbanized habitats. Also, the relation of TBARS levels with
bird body condition was positive in birds from rural and natural habitats but
negative in birds from urban habitats. Moreover, the PC1, which reflected the
overall enzymatic activity of GPx, SOD and GR, was lower in Plasmodium infected
birds than in uninfected ones. The PC2, which reflected the relative activity of GR
(positive) versus SOD and GPx (negative), was negatively related to bird body
condition suggesting that individuals in better body condition had higher activity
of GPx and SOD but lower activity of GR.

Effects of parasite infections on the oxidative status of birds

Parasite infections produce deleterious effects on their host by directly draining
resources from them and, indirectly, by the cost derived from producing
inflammatory and immunological responses to fight this infection. Birds
experimentally infected with avian malaria have shown an increase expression
level of genes related to both immune and antioxidant responses (Videvall et al.,
2015). Indeed, the increased antioxidant activity is probably an attempt to
counteract the inflammatory responses and the ROS production against parasites
(Sorci et al., 2013; Sorci and Faivre, 2009). However, other stressors or
physiological situations may reduce the capacity of birds to mount antioxidant
responses involved in the catalytic reactions to remove ROS and avoid damaging
effects of Plasmodium infection (Isaksson, 2015). For instance, van de
Crommenacker et al. (2012) reported an increase in oxidant levels but a decrease
in the antioxidant capacity in birds infected with avian malaria parasites during

reproduction. Similarly, we found a lower antioxidant enzymatic activity in
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Plasmodium infected birds (being reflected in the PC1 component) than in
uninfected ones, even we did not find any association between oxidative damage
and parasite infection. Our results may indicate that the infection status affects
the activity of the redox system of birds, likely as a result of parasite activity or as
a response to parasite presence. Immune responses to pathogens may be
energetically costly (Martin et al., 2003) so, under natural conditions where
available resources are limited, a trade off may exist between developing
antioxidant or immune responses (Morales et al., 2006). Curiously, contrary to
the case of Plasmodium, birds infected with Leucocytozoon tended to have a
higher GPx, SOD and GR activity (PC1) than uninfected birds. These contradictory
patterns found for Plasmodium and Leucocytozoon could be due to the different
infection patterns between parasites (e.g., target infected cells, virulence of each
genus) or to the physiological pathways involved in the responses of birds against
infections (ValkiGnas, 2005). Indeed, virulence can vary even within diverse
parasite lineages of the same genus affecting differently the oxidative stress of
birds (Isaksson et al., 2013; Lachish et al., 2011). Nevertheless, in the case of
Leucocytozoon the relationship with the antioxidant enzyme activity was only

shown as a tendency, thus highlighting the need of further research.

Effects of habitat anthropization on the oxidative status of birds

Urbanization processes are largely transforming the landscape and altering the
biotic and abiotic factors with implications in life-history traits of several avian
species (Bradley and Altizer, 2007; Grimm et al., 2000; Sepp et al., 2018; Sol et al.,
2014). Salmén et al., (2018) showed that the urbanization index highly correlates
with NOy levels, one of the main pro-oxidants and stressors substances from
urban areas. Pollutants such as toxic chemicals, heavy metal particles and other
substances derived from human activities, have negative consequences on urban-
dwelling wildlife, especially affecting their health by increasing the oxidative
damage and thus causing oxidative stress (Dulisz et al., 2016; Herrera-Duefias et

al., 2014; Isaksson, 2015; Koivula et al., 2011; Meillere et al., 2016; Salmén et al.,
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2018). Indeed, our results indicated that birds from urban areas showed a higher
oxidative damage to lipids than those from rural habitats. Different studies found
higher lipid peroxidation through TBARS levels in birds from urban habitats
compared to birds from less anthropized ones (Amri et al., 2017; Herrera-Duefias
et al.,, 2017). Although an up-regulation of antioxidant enzymes under pro-
oxidant conditions such as urbanization could be expected (Herrera-Duefias et al.,
2017), we did not find significant differences of the activity of any antioxidant
enzymes (i.e., GR, GPx or SOD) in birds from different habitats. Nevertheless, we
are aware of the existence of other antioxidant substances not reflected in our
indicators such as thiols, carotenoids or vitamins A, C and E, which can be
important in the neutralization of ROS by controlling the antioxidant balance of
the organisms (Costantini and Verhulst, 2009; Finke et al., 2020; Li et al., 2016;
Sorci and Faivre, 2009). Hence, the differences we found could be due to the role

of non-enzymatic antioxidants molecules not analysed here.

The relationship between body condition and oxidative status

Our results highlight that the relationship between the levels of TBARS and
habitat are influenced by the body condition of birds. Specifically, we found that
the oxidative damage to lipids increased with body condition in birds from rural
and natural habitats but decreased in urban birds. Besides, we found that PC2,
which reflect the relative relationship between the levels of GR (positive) respect
to GPx and SOD (negative), decreased as the body condition of the birds
increased. In other words, birds with higher body condition had lower GR and/or
higher GPx and SOD activities. It is known that the activation of the redox system
is an energetically costly process that plays a physiological key role in enabling
birds to cope with anthropogenic conditions (Isaksson, 2015, 2020). Under
increasing harmful environmental stressors, it is likely that body condition largely
determines the capacity of birds to control oxidative stress. Nevertheless, the
causality of this effect could not be assessed based on our correlative results;

hence, experimental studies would help to further understand the role of the
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body condition in the capacity of urban dwelling species facing stressors from an
anthropic origin.

To sum up, the analysed biomarkers are part of highly integrated
physiological responses of organisms that can vary across tissues, host life stages
and life history, and thus difficult its interpretation in the wild (Costantini and
Verhulst, 2009; Isaksson, 2020). Our results support that the oxidative status of
the widespread house sparrows was largely affected by both urbanization and
parasite infection. Overall, we show a link among body condition, oxidative
damage and the activity of enzymes involved in the redox system, and that
parasite infection influenced the antioxidant enzymatic activity of birds.
Determining how urbanization affect bird health and what we can do to improve
their physiological responses, should be a future goal in conservation biology to
counteract the negative effects of urbanization in order to mitigate the

population decline of urban house sparrows, among others.
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Discussion

Under the current global change scenario, there is an urgency to identify the
dynamics transmission of vector-borne pathogens and to understand how
wildlife thrive in anthropogenic altered environments, for both public health and
wildlife conservation interest. Both urbanization and infection by avian malaria,
common avian vector-borne pathogens, have been pointed out as potential
causes of the disappearance of the house sparrow during the last decades. Here,
| provide new information on how different anthropogenic landscape uses affects
the transmission dynamics of the avian malaria parasites and related
haemosporidians, and how both urbanization and parasite infections, affect the
health of wild house sparrows along an urbanization gradient, considering urban,

rural and natural habitats.

Does habitat anthropization affect the transmission of avian blood parasites?

In Section 1, | investigated the interannual differences in parasite prevalence and
lineage richness, two major variables reflecting parasite infections dynamics in
birds, in house sparrows from habitats with different level of urbanization.
Previously, a number of researchers have reported differences between years in
the prevalence of blood parasites in birds (Bensch et al., 2007; Dubiec et al., 2016;
Geue and Partecke, 2008; Knowles et al., 2011), but results from Chapter 1 add
novel information about the potential differences between habitats with distinct
levels of anthropization. The prevalence of both Haemoproteus and
Leucocytozoon parasites differed between years but was also positively
correlated between years. No significant differences were found for Plasmodium
parasites. The prevalence of vector-borne parasites is strongly determined by the
abundance and distribution of vectors in the area (Lalubin et al., 2013; Martinez-
de la Puente et al., 2013). Differences in the environmental requirements
between vector groups (i.e., running water, wet soil or stagnant water), together

with habitat characteristics and climatic factors such as temperature and
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precipitations, strongly determine vector populations (Patz et al.,, 2008).
Moreover, weather conditions greatly affect the activity of blood-sucking
arthropods feeding on birds (Martinez-de la Puente et al., 2009a; Merino and
Potti, 1996), potentially affecting their exposure to haemosporidians and hence,
the prevalence of these parasites in the population. The results of this chapter
suggest that populations of both biting midges and blackflies, the main vectors of
Haemoproteus and Leucocytozoon, respectively, may found more stable
environmental conditions for their reproduction (e.g., breeding sites) along
localities, resulting in the positive correlations in the prevalence between years.
Similarly, the annual differences in climate can influence the stability of these
breeding sites, explaining then the interannual prevalence differences.
Specifically, the interannual differences of Leucocytozoon prevalence were found
in birds from urban and natural habitats but not from rural habitats. Moreover,
in 2013, higher prevalence of this genus was found in natural than in rural
habitats. These results are likely explained by the availability among habitats and
the stability across time, of running water bodies and thus, breeding areas of
blackflies vectors. Lineage richness differed according to habitat type and time.
Haemoproteus showed, for one-year, higher richness in rural than in urban or
natural habitats. Additionally, Leucocytozoon richness was negatively correlated
between years in rural habitats but positively correlated between years in urban
and natural habitats. Our results could be explained by the composition variation
of vector (biting midges and black flies) and/or bird communities, which may
affect the number and identity of the parasite lineages circulating and infecting
house sparrows (Ellis et al., 2020; Ferraguti et al., 2018; Lachish et al., 2013;
Ricklefs et al., 2005, 2004; Sehgal, 2010; Wood et al., 2007).

Despite these results could be explained based on the effects that
environmental conditions and habitat characteristics can have on the insect
vectors of these blood parasites, we cannot rule out the possibility that host-
related factors may also explain the patterns of infections found. Indeed, the size,

structure and composition of a bird community are highly influenced by
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landscape alterations and anthropogenic provision of food (i.e., fodder grain for
husbandry animals in our study) (Clark et al., 2018; Evans et al., 2009; Shochat et
al., 2006). In addition to the effects on host and vector communities, urbanization
can also alter the susceptibility of vertebrates to infections through its effects on
host immunocompetence (Bradley and Altizer, 2007; Calegaro-Marques and
Amato, 2014; Ferraguti et al., 2018; Ishtiag, 2021; Jiménez-Pefuela et al., 2021;
Muriel et al., 2021; Patz et al., 2008).

Does habitat anthropization and blood parasites infection affect birds health?

Environmental and external conditions could determine host ability to modulate
immune responses against infections as well as the potential costs of these
responses (Arriero et al., 2008; Delhaye et al., 2018b; Morales et al., 2006). It is
difficult to isolate the effects of disease from those of food-shortages, external
stressors or other environmental conditions that may favour disease transmission
or modify the trade-off between birds tolerance or resistance to infections
(Arriero et al., 2018; Newton, 1998). For this reason, the next step in this thesis
was to measure how urbanization, blood parasite infections and its interaction,
was related to the health of wild birds (Section 2). For that purpose, | used three
different and complementary approximations including body condition (Ch. 2)
and different eco-physiological markers such as fatty acids composition (Ch. 3)

and birds oxidative status (Ch. 4).

Urbanization effects on birds health

Anthropic activities and habitat alteration had important consequences on the
health of wild birds. Our results showed that in urban habitats, juvenile house
sparrows had lower body condition (Ch. 2), higher quantity of fatty acids (Ch. 3),
and higher levels of oxidative damage to lipids (measured by TBARS) (Ch. 4) than
birds from rural habitats. Moreover, when the levels of the urbanization index

increased, there was a reduction in body condition in both adults and juveniles
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(Ch. 2). Additionally, juvenile birds with better body condition had higher activity
of GPx and SOD but lower activity of GR (Ch. 4).

Some authors have proposed that under a scenario where food sources are
abundant and seasonally stable, like urban areas (Shochat et al., 2006), birds do
not need to accumulate energy reserves in their bodies, thus presenting low body
condition (Salleh Hudin et al., 2016). The results from this thesis, suggest that
birds consume more fat-rich food in urban habitats (Ch. 3), which is usually
related with low concentrations of other essential nutrients (Heiss et al., 2009;
Mckinney, 2002; Meyrier et al., 2017). Indeed, food quality and availability are
especially important during early life stages to fulfil physiological requirements
during development. Nutrient rich food could allow yearlings and juveniles to
grow faster, obtain a higher body condition, better immunocompetence and
better antioxidant capacity (Chamberlain et al., 2009; Peach et al., 2018; Salmdn
et al,, 2018; Seress et al., 2020; Twining et al., 2018, 2016b). Certainly, our results
show that juvenile house sparrows from urban habitats, together with lower body
condition (Ch. 2) and higher content of fats in plasma (Ch. 3), also had higher
oxidative damage compared to birds from rural habitats (Ch. 4).

Salmodn et al., (2018) showed that urbanization levels highly correlate with
NOy levels, one of the main pro-oxidants and stressors substances from urban
areas. The high concentration of pollutants such as toxic chemicals, heavy metal
particles and other substances derived from human activities, make necessary a
strong antioxidant machinery, which has been shown to be upregulated in urban-
dwelling wildlife (Dulisz et al., 2016; Herrera-Duefias et al., 2014; Isaksson, 2015;
Koivula et al., 2011; Meillere et al.,, 2016; Salmén et al., 2018, 2016). The
activation of the redox system to respond against urban stressors (e.g., synthesis
of HSPs or antioxidant enzymes like GR, GPx or SOD) is energetically costly and
could be reflected in a reduced body condition, or if the homeostasis is not
correctly maintained, in an increase of oxidative damage (Chavez-Zichinelli et al.,
2010; Herrera-Duefias et al., 2014; Isaksson, 2020, 2015). Different studies found

higher oxidative damage to lipids (reflected in TBARS levels) in birds from urban
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habitats compared to birds from less anthropized habitats (Amri et al., 2017;
Herrera-Duefias et al., 2017). Additionally, our results suggest that urbanization
has a large impact in the capacity of birds to dealt with oxidative stress because
bird body condition was positively related to TBARS in rural and natural areas but

negatively related in urban habitats (Ch. 4).

Parasite infections effects on birds health

Parasite infections produce deleterious effects on their avian hosts both by
directly draining resources from them and, indirectly, by the cost of
inflammatory, immunological and antioxidant responses. Our results shows that
juvenile house sparrows infected by Plasmodium had less proportion of w-6 and
more of w-3 PUFAs (Ch. 3), as well as lower antioxidant enzymes activity (i.e., GPx,
SOD and GR) (Ch. 4). Our results are in line with those from van de Crommenacker
et al. (2012) who found a low antioxidant capacity in birds infected with blood
parasites. During infection, w-6 PUFA are metabolized to pro-inflammatory
prostaglandins, while the down-stream immune components of the w-3 PUFA
pathway is anti-inflammatory (Alagawany et al., 2019; Chang et al., 2018; Hulbert
et al.,, 2005; Simopoulos, 2011). Under natural conditions where available
resources are limited, a trade off may exist between developing antioxidant or
immunological responses (Morales et al., 2006). Moreover, an excessive pro-
inflammatory response, if it is not correctly counteracted by the redox system,
can lead to an increment of oxidative stress (Isaksson et al., 2017). Plasmodium
infections may reduce the capacity of birds to mount antioxidant responses
involved in the catalytic reactions to reduce ROS and leading into oxidative
damage and oxidative stress (Isaksson, 2015). Thus, our results could be reflecting
that, due to the low antioxidant activity in infected birds, exclusively those birds
with moderate levels of pro-inflammatory FAs against parasite infection are likely

to survive.

W



General section

Synergic effects of urbanization and parasite infection on birds health
Interestingly, part of the impacts of parasite infections in the health of house
sparrows found in this thesis, differed between habitats with different levels of
anthropization. Our results support that those birds exposed to two different
sources of stress, as are urbanization and parasite infections, may suffer larger
deleterious effects. Birds from natural habitats infected by Plasmodium showed
lower w-6/w-3 ratio and tended to have a higher proportion of w-3 (Ch. 3). Thus,
it is likely that to promote a higher anti-inflammatory immune response towards
Plasmodium infections, infected house sparrows preferentially consumed food
rich in w-3 PUFA or mobilize it from storage. This probably happen in natural
habitats but not in more anthropized areas due to a differential availability of w-
3 PUFA between habitats (Andersson et al., 2015; Isaksson et al., 2017). Birds with
access to better nutritional food has been shown to mount a higher immune
response and greater membrane resistance during Plasmodium infection
(Delhaye et al., 2018a). Alternatively, the high w-3 and low w-6 proportion could
indicate that less pro-oxidants (originated from w-6 PUFAs) are being produced
to attack the parasites, making birds more susceptible to infections. Moreover, it
is also possible that birds from more anthropized environments already
metabolized the w-3 PUFAs to anti-inflammatory components for other reasons
(e.g., environmental stressors such as chemicals, pollutants, excessive noise,
artificial light, heavy metal particles...) leaving less circulating w-3 PUFAs to other
important functions. Certainly, the presence of w-3 PUFAs is beneficial during
active inflammation to improve the immune response without increasing the
oxidative stress (Alagawany et al., 2019).

Contrary to the case of the physiological markers analysed, as well as
contrary to what we could initially expect, a higher body condition of juvenile
house sparrows was associated with infections by Plasmodium and
Haemoproteus (Ch. 1 and 2), which was mainly driven by the data of birds from
urban habitats (Ch.2). If only infected birds showing a higher body condition are

able to face and survive parasite infections (Houston et al., 2007; Moreno-Rueda,
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2011; Navarro et al., 2003), it is possible that, due to a differential mortality rate,
infected individuals had higher body condition than uninfected birds (Sorci et al.,
2013). Moreover, juvenile birds are immunologically naive (Merino, 2010) and
could suffer a higher impact of parasite infections than adults. The immunological
responses of urban birds to infection are energetically more costly than those of
birds from rural habitats, possibly to the limited availability and quality of
resources in anthropic areas (Fokidis et al., 2008). For example, great tits from
urban habitats had higher expression of immunoregulatory genes than those
from natural environments (Watson et al., 2017). This can cause a decrease in
haptoglobin production and a loss of body condition increasing the difficulties to
survive in anthropic environment (Bailly et al., 2016). Thus, living in anthropized
habitats and being infected by blood parasites may impose higher costs due to
the exposure to multiple stressors and limited availability of resources. This could
be the reason why we find further deleterious effects of blood parasite infections
in urban habitats, but not as strong as in rural habitats, where urbanization was
moderate, or in natural habitats, which likely have lower presence of anthropic

stressors.

Limitations of the thesis and future perspectives

This thesis focuses on three widespread blood parasites infecting birds. However,
wild birds, including house sparrows, usually harbour a great diversity of
pathogens such as filarial worms and viruses (i.e., West Nile and Usutu viruses)
which circulation is known to occur in the studied area (Ferraguti et al., 2020,
2016b; Martinez-de la Puente et al., 2018; Martinez-de la Puente et al., 2019; Roiz
et al.,, 2019). These pathogens are expected to also affect the physiological
responses of wild birds, including those studied in the Section 2 of this thesis.
Moreover, this thesis focuses exclusively on a single host species, but the effects
of urbanization on physiological traits could differ according to the species
analysed (Isaksson et al., 2017). Finally, according to the results obtained in

Section 1, parasite infections and lineages circulating in the area may vary

\ 4



General section

between years and potentially affect the physiological effects of parasite
infections in birds, including those reported in the Section 2. In sum, including
different species of birds and pathogens, through a longitudinal dataset, may
ideally improve the conclusions obtained. However, this is a difficult task
especially considering the large sample size required for these studies and the
need to study host-parasite interactions in different species across areas differing
in landscape use. Nevertheless, although specialist host-parasite assemblages can
occur in the studied community, most of the lineages found were not restricted
uniquely to house sparrows, probably reflecting a general pattern also in other
bird species present in the area. In addition, the identification of parasite impacts
on hosts physiology often requires from experimental approaches. In line with
our results, a possible experimental reduction of haemosporidian infections in
birds from habitats with different levels of anthropization should result in
different estimates of the costs of parasitism in each habitat. Nevertheless, we
could expect a higher impact on survival and host physiology in birds from urban
than in birds from natural habitats.

Despite the identified potential limitations, the results reported here
provide novel information on the joint effects of urbanization and parasite
infections in wild birds contributing to the progress in the research area of Urban
Ecology. In addition, this information could be used in public health projects
involving zoonotic diseases affecting birds and humans and/or domestic animals
(i.e., West Nile virus) as well as in projects of conservation biology with the
objective of promote wildlife conservation in cities. Among other, we highlight
the importance of including in the studies of urbanization habitats with different
anthropic use like rural habitats, where the effect of human activities to wildlife
can differ from cities. These differences can be mediated by the presence of
domestic animals influencing pathogen transmission, the availability of suitable
breeding areas for vectors as well as resources like food or water than affect the
community composition of vectors and hosts. Moreover, it isimportant to include

a variety of specific habitat type, as the effect of urbanization can vary with the
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characteristics of the locality itself as reported in Box 1. Cities traits can influence
the level of pollutants, availability of green areas or the stability of resources,
among others, which can determine the final effects of wildlife health and the
interpretation that researchers can do from it. The structure and characteristics
of cities as well as the surrounding landscapes, widely differ across the globe and
has to be taken into account in this kind of studies. Lastly, the recent development
of molecular approaches like the study of gene expression together with
experiments, which can include modifications of parasite load through
medication or adjust the levels of possible stressors from urban areas (i.e., food
type, pollutants, light, noise...), may allow researchers to go deeper on the study
of urbanization and vector-borne diseases. This would help to better understand
the effects that both urbanization and infection have on the ecology and

evolution of wildlife under the current global change scenario.
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Conclusions

1. The prevalence and lineage richness of two of the three blood parasite
genera studied (Haemoproteus and Leucocytozoon), differed between
years and between habitats with different levels of anthropization. Thus,
the different patterns of variation in the infection by Plasmodium,
Haemoproteus and Leucocytozoon, outline the importance of considering
the specificities of each parasite-insect vector system, especially at human-

altered environments.

2. Both urbanization and parasite infection were related with the body
condition of house sparrows, with juveniles infected by Plasmodium or
Haemoproteus from urban habitats, showing a higher body condition. This
could be due to the selective mortality of those individuals with lower body
condition unable to thrive with the negative joint effects of both

urbanization and parasite infection.

3. The composition of plasma fatty acids of juvenile house sparrows differed
with urbanization and infection status. The relative proportion of w-6 and
w-3 PUFAs differed between Plasmodium infected and uninfected birds.
Moreover, in natural habitats, the w-6/w-3 ratio was lower in infected than
uninfected birds. This suggests that habitat may influence the composition
of PUFA and thus, affect the capacity of individuals of mounting an anti-
inflammatory or pro-inflammatory response against Plasmodium
infections. Consequently, habitat anthropization may affect the birds

capacity to fight parasite infections.
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The oxidative damage to lipids suffered by juvenile house sparrows was
larger in urban than in rural habitats. The oxidative damage increased with
bird body condition in rural and natural but decreased in urban habitats.
This highlight that urban dwelling birds may be exposed to physiological
stress and be less able to cope with it, as suggested by the negative

relationship between oxidative damage and body condition in these areas.

The antioxidant activity in juvenile house sparrows varied with blood
parasite infection and the body condition of birds. Birds infected by
Plasmodium had higher antioxidant enzyme activity (GPx, SOD and GR)
than uninfected birds. Moreover, birds with higher body condition had
higher activity of GPx and SOD but lower activity of GR enzyme. These
suggest that blood parasite infections affect the correct maintenance of
the oxidative status of birds and that bird body condition is related to the

function of the antioxidant system.

Landscape anthropization affects parasite transmission and more
importantly, determine the impact that parasite infection may have on
host health. The results of this thesis emphasise the synergistic effects that
anthropization may have in combination with other stressors such as
parasitism. The alteration of parasite transmission dynamics and its
increased impact on host health in human-altered environments may have

important consequences for the conservation of biodiversity.
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